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ABSTRACT 
A number of conflicting tectonic models have been proposed to explain the geological 
relationships between southern South America (Patagonia) and West Antarctica within 
the palaeo-Pacific margin of Gondwana. Extensive fragmentation and isolation of the 
various tectonic blocks during Gondwana break-up have complicated interpretations 
and palaeogeographic reconstructions. In order to explore and test the different tectonic 
models, I combine zircon U-Pb, Lu-Hf and O isotopic data for samples from key 
locations throughout the north and south of Patagonia, the Antarctic Peninsula and the 
Ellsworth Mountains in West Antarctica. Zircon is a robust refractory mineral that 
occurs in igneous and metamorphic rocks and survives multiple sedimentary cycles with 
little change to its isotopic composition. It therefore preserves a perfect archive for 
testing tectonic correlations. 
 
Igneous rocks from the Ellsworth Mountains were dated at ca. 680 Ma, older than 
previously reported. These zircons indicate that rifting, which affected Mesoproterozoic 
crust, likely occurred in the Cryogenian and supports a connection between the 
Ellsworth-Whitmore Mountain block and East Antarctica before the amalgamation of 
Gondwana. This agrees with the break-up of Rodinia in the context of the southwest 
United States and East Antarctica configuration. U-Pb zircon dating and O-Hf isotopic 
compositions of detrital zircons from the Ellsworth Mountains also support this 
connection, indicating a likely East Antarctic provenance. A Cambrian magmatic event 
is recorded by zircon at ca. 520 Ma, also related to an extensional setting – but in this 
case with crustal recycling. I interpret this Cambrian magmatism as a result of a tectonic 
escape after a collision between the Australo-Antarctic and West Gondwana/Indo-
Antarctic plates. 
 
In Tierra del Fuego, samples from drill cores indicate that Cambrian magmatism 
occurred between ca. 540 and 520 Ma with strong similarities to the Pampean Orogen 
of Argentina. Metamorphism occurred at ca. 265 Ma, when zircon crystallised from 
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high temperature hydrous fluids that previously interacted with Grenvillian rocks. 
Importantly, igneous rocks from Tierra del Fuego record the first evidence of Permian 
magmatism at ca. 255 Ma, arising from melting of Cambrian rocks. This suggests 
prolongation of Permian magmatism from the North Patagonian Massif in northern 
Patagonia and also connections to the Eastern Domain of the Antarctic Peninsula. 
Granitic rocks in northern Patagonia record mantle-like O magmatic inputs at ca. 280 
Ma and 255 Ma, but with reworking of upper crustal materials between these two 
events. In northwestern Patagonia, early Permian granites indicate continuity of the 
Permian magmatic belt along the western margin of South America farther north. 
Further, detrital Permian zircons in late Palaeozoic–early Mesozoic accretionary 
complexes suggest a continuation of a slightly older Permian subduction-related 
magmatic arc, partly located in Patagonia and extending to the Antarctic Peninsula.  
 
All this data, together with other geological considerations, are in line with an 
autochthonous or parautochthonous origin for northern Patagonia. It also confirms 
connections between southern Patagonia and the Antarctic Peninsula from late 
Palaeozoic to Jurassic times. I suggest that Patagonia rifted from the South African-
Ellsworth sector of the paleao-Pacific margin of Gondwana to then collide with the 
same sector during the Guadalupian. 
  
 
!
IX 
 
TABLE OF CONTENTS  
CHAPTER I 1 
INTRODUCTION 
1.1 The central margin of south Gondwana 1 
1.2 Research Aims 4 
1.3 Approach 5 
 1.3.1 Using zircon as an archive for testing tectonic correlations 5 
 1.3.2 Sample collection 6 
1.4 Thesis structure 9 
   
CHAPTER II 13 
CHARACTERISATION AND TRACING OF PERMIAN MAGMATISM IN THE SOUTHWESTERN 
SEGMENT OF THE GONDWANAN MARGIN; U-PB AGE, LU-HF AND O ISOTOPIC 
COMPOSITIONS OF DETRITAL ZIRCONS FROM METASEDIMENTARY COMPLEXES OF 
NORTHERN ANTARCTIC PENINSULA AND WESTERN PATAGONIA 
2.1 Introduction 14 
2.2 Geological setting 16 
 2.2.1 The Antarctic Peninsula: the Trinity Peninsula Group, Miers Bluff 
Formation and Cape Wallace Beds. 16 
 2.2.2 Patagonia: the Duque de York complex 17 
2.3 Analytical methods 17 
2.4 Results 20 
 2.4.1 Antarctic Peninsula 22 
 2.4.2 Patagonia: the Duque de York Complex 24 
2.5 Discussion 26 
 2.5.1 Timing of sediment deposition 26 
 2.5.2 Provenance of sediments 27 
 2.5.3 The Permian magmatic arc and regional palaeoenvironmental 
conditions 32 
2.6 Conclusions 36 
   
CHAPTER III 39 
ZIRCON O- AND HF-ISOTOPE CONSTRAINTS ON THE GENESIS OF PERMIAN 
MAGMATISM IN PATAGONIA 
3.1 Introduction 39 
3.2 Geological Setting 41 
 3.2.1 Two possible late Palaeozoic magmatic belts 42 
 
!
X 
 3.2.2 Permian magmatism in the North Patagonian Massif 43 
3.3 Samples and methods 44 
3.4 Results 45 
 3.4.1 Southern Patagonia 47 
 3.4.2 Northern Patagonia 49 
3.5 Discussion 51 
 3.5.1 The isotopic trends of the Permian magmatic rocks 51 
 3.5.2 Northern Patagonia: autochthonism versus collisional deformation 56 
 3.5.3 Permian igneous and detrital zircons: correlation with the 
Antarctic Peninsula 58 
3.6 Final considerations: the Gondwanide fold belt 60 
3.7 Conclusions 63 
  
CHAPTER IV 65 
BASEMENT ROCKS OF THE MAGALLANES FORELAND BASIN, TIERRA DEL FUEGO; 
CONSTRAINTS FROM ZIRCON LU-HF AND O ISOTOPES, AND REE DATA 
4.1 Introduction 66 
4.2 Geological Setting 67 
4.3 Samples and Methods 68 
4.4 Results 71 
4.5 Discussion 77 
 4.5.1 Duration, nature and evolution of the Cambrian magmatism in 
Tierra del Fuego 77 
 4.5.2 Pre-Permian sedimentation in Tierra del Fuego 78 
 4.5.3 The Permian metamorphic and magmatic event in Tierra del Fuego 80 
 4.5.4 Regional correlations 83 
 4.5.5 Implication for reconstruction of Southern Patagonia within West 
Gondwana 86 
4.6 Conclusions 89 
   
CHAPTER V 91 
ZIRCON O AND HF ISOTOPE CONSTRAINTS ON THE GENESIS OF PERMIAN–TRIASSIC 
MAGMATIC AND METAMORPHIC ROCKS IN THE ANTARCTIC PENINSULA AND 
CORRELATIONS WITH PATAGONIA 
5.1 Introduction 92 
5.2 Geological Setting 93 
 5.2.1 The basement of the Antarctic Peninsula 94 
 5.2.2 Lower Palaeozoic–upper Mesozoic metasedimentary complexes 95 
5.3 Samples and methods 95 
5.4 Results 96 
 5.4.1 Igneous samples 96 
 5.4.2 Metamorphic samples 97 
5.5 Discussion 101 
 5.5.1 The source of the Permian detrital zircons in the Antarctic 
Peninsula 102 
 
!
XI 
 5.5.2 Correlation with Patagonia 104 
5.6 Conclusions 105 
   
CHAPTER VI 107 
PROVENANCE AND AGE CONSTRAINTS OF PALAEOZOIC SILICICLASTIC ROCKS FROM 
THE ELLSWORTH MOUNTAINS IN WEST ANTARCTICA, AS DETERMINED BY DETRITAL 
ZIRCON GEOCHRONOLOGY 
6.1 Introduction 108 
6.2 Stratigraphy of the Ellsworth Mountains 110 
 6.2.1 The Heritage Group 111 
 6.2.2 The Crashsite Group 113 
 6.2.3 The Whiteout Conglomerate and Polarstar Formation 114 
 6.2.4 Palaeocurrent data from the Ellsworth Mountains 114 
6.3 Methods 115 
6.4 Results 116 
 6.4.1 The Heritage Group 116 
 6.4.2 The Crashsite Group 121 
 6.4.3 The Whiteout Conglomerate 121 
6.5 Discussion 123 
 6.5.1 Possible source areas 123 
 6.5.2 Up-sequence provenance variations 130 
 6.5.3 Implications for reconstructing the EWM block in Gondwana 136 
6.6 Conclusions 138 
   
CHAPTER VII 141 
THE ELLSWORTH MOUNTAINS CONNECTION WITH EAST ANTARCTICA AND 
LAURENTIA 
7.1 Introduction 142 
7.2 Geological and tectonic setting 144 
7.3 Methods 145 
7.4 U-Pb, Lu-Hf and O zircon isotopic results 146 
7.5 Discussion 149 
 7.5.1 Magmatism in the EWM 149 
 7.5.2 Palaeogeographic implications 150 
7.6 Conclusions 152 
   
CHAPTER VIII 155 
SYNTHESIS AND INTERPRETATION 
8.1 The Rodinia-Gondwana transition in the Ellsworth-Whitmore Mountains 
block (EWM) 155 
8.2 Tierra del Fuego Island during the early Palaeozoic 157 
8.3 The southern margin of Gondwana during the Permian 158 
 8.3.1 The North and South Patagonia connections 158 
 
!
XII 
 8.3.2 Collision of Patagonia and deformation of the Gondwanide fold 
belt. 159 
  
REFERENCES 161 
!
 
 
!
1 
1 Chapter I: Introduction  
1.1 The central margin of south Gondwana 
 
The oceanic southern margin of the Palaeozoic–early Mesozoic supercontinent 
Gondwana (originally called Gondwanaland) is one of the largest and longest-lived 
active continental margins on Earth (Cawood, 2005; Vaughan et al., 2005; Vaughan and 
Pankhurst, 2008). Its formation was initiated after the break-up of the earlier 
supercontinent Rodinia (Li et al., 2008) and was completed during the Neoproterozoic–
early Palaeozoic with closure of the Adamastor and Mozambique oceans. The closure of 
the Mozambique Ocean and collision of various parts of proto-East and -West 
Gondwana are recorded in the East African-Antarctic Orogen, extending from Arabia 
into East Antarctica (e.g. Stern, 1994; Jacobs and Thomas, 2004). This amalgamation 
marked a shift in the locus of convergence from within Gondwana to its margin 
(Cawood and Buchan, 2007), resulting in the formation of the Ross and Pampean 
orogenies in Antarctica and South America, respectively (Rapela et al., 1998; Goodge et 
al., 2012). Rocks of these orogenies are exposed in central Argentina and the 
Transantarctic Mountains, whilst their equivalents can be found in Australia 
(Delamerian Orogen; Foden et al., 2006) and perhaps buried beneath a younger 
volcano-sedimentary cover in Tierra del Fuego in southern South America (Söllner et 
al., 2000; Hervé et al., 2010a). 
 
In the central part of this margin between the newly amalgamated East and West 
Gondwana (here and in the following text used in relation to the East African-Antarctic 
Orogen), the margin of Gondwana lacks the intense folding associated with the Ross 
and Pampean orogenies (Fig. 1.1), as Cambrian rocks there are considered to have a 
record of continental rifting instead of a convergence (Curtis et al., 1999; Curtis, 2001). 
Most of the evidence for this rifting comes from the Ellsworth-Whitmore crustal block 
in West Antarctica. A number of conflicting tectonic models have been proposed in an 
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attempt to reconcile the record of apparently contradictory Cambrian tectonic scenarios. 
Dalziel (1997) suggested that a promontory of Laurentia, the Precambrian nucleus of 
North America and part of Rodinia, could have rifted from this part of Gondwana at the 
end of the Precambrian. Dalziel (2014) argued that rifting started from north and 
migrated southwards (relative to present-day North America), and that the present 
southern part of Laurentia was still attached to this part of the Gondwana margin until 
the Cambrian. An alternative model by Curtis (2001) proposed local back-arc extension 
(with contemporaneous subduction along this sector), or rifting caused by subducted 
slab capture. The causes of this rifting event, specifically the timing, and questions 
regarding possible connections to Laurentia remain controversial. 
 
 
Figure 1.1 The palaeo-Pacific margin of Gondwana during the early Palaeozoic showing extent 
of the Pampean, Ross and Delamerian orogenies. Modified from Cawood (2005). The EAAO is 
the East African-Antarctic Orogen and the EWM is the Ellsworth-Whitmore Mountain block. 
 
After the Cambrian, several micro-continents and terranes were accreted to the palaeo-
Pacific margin of Gondwana (Cawood, 2005; Vaughan et al., 2005; Vaughan and 
Livermore, 2005) with final break-up during the Jurassic (König and Jokat, 2006). In 
South America and northern Patagonia, the Pampean orogeny was followed by an 
Ordovician active margin associated with the collision of the Precordillera terrane 
(Astini et al., 1995; Pankhurst et al., 1998a; 2014). In contrast, sedimentary rocks in the 
central part of this margin (Fig. 1.1) record evidence for a passive margin setting until 
the Permian (Spörli, 1992; Shone and Booth, 2005). Deformation in this area appears to 
be restricted to the late Permian–early Triassic, during the development of the 
Gondwanide Orogen (Fig. 1.2). This orogenic belt extended from Sierra de la Ventana 
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in Argentina to the Pensacola Mountains in East Antarctica, and is known as the 
Gondwanide Fold Belt (Du Toit, 1937). The cause of the Gondwanide folding is still 
controversial as its limited extent along strike in relation to the length of the palaeo-
Pacific margin of Gondwana, and its distance, ~ 1500 km, from that margin on a 
reconstruction are aspects that remain enigmatic (Dalziel, 2007). It is ascribed either to 
a flat-slab subduction (Dalziel et al., 2000) or a collision of an exotic terrane (e.g. 
Pankhurst et al., 2006; Ramos, 2008). In this latter scenario, southern Patagonia has 
been ascribed as a possible continental terrane that collided with this sector of the 
margin during the late Palaeozoic (Pankhurst et al., 2006).  
 
 
Figure 1.2 The palaeo-Pacific margin of Gondwana during the late Palaeozoic showing the 
different accreted microcontinents and location of the Gondwanide fold belt. Modified from 
Cawood (2005) and Dalziel et al. (2013). AP is the Antarctic Peninsula; MBL is Marie Byrd 
Land; TI is Thurston Island; and NZ is New Zealand or Zealandia. 
 
The origin and the relationship between southern Patagonia and other continental 
fragments (i.e. the Antarctic Peninsula, Fig. 1.2), and also with the rest of South 
America continue to be a subject of controversy (e.g. Hervé et al., 2005; Pankhurst et 
al., 2006; 2014; Ramos, 2008), partly due to the absence of preserved pre-Jurassic ocean 
floor and the poor exposure of Palaeozoic rocks. Outcrops of Palaeozoic crystalline 
basement rocks in these areas are scarce, isolated or covered by ice, and in southern 
Patagonia are only accessible through drill cores. However, upper Palaeozoic–lower 
Mesozoic metasedimentary rocks crop out extensively and represent the remnants of 
Gondwana in southern Patagonia and the Antarctic Peninsula. These rocks are host to a 
major population of Permian igneous zircons (Hervé et al., 2003; Barbeau et al., 2010; 
! 
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Fanning et al., 2011) indicating significant Permian magmatism along the southern 
margin of Gondwana. However, the location and characteristics of the Permian 
source(s) and the triggers for that significant erosion are still not well known.  
 
1.2 Research Aims 
 
In attempting to investigate the unsolved problem of the central part of the palaeo-
Pacific margin of Gondwana (Figs. 1.1 and 1.2), this study raises the following 
interrelated questions: 
 
! Why is there a discontinuity of the Cambrian convergent orogenies in the central 
part of the central palaeo-Pacific margin of Gondwana? Most of the tectonic 
models that have been proposed to explain this situation are based on poorly 
constrained ages for magmatic and sedimentary rocks from the Ellsworth-Whitmore 
crustal block. This block is generally considered to be derived from West 
Gondwana, although its origin and age remain poorly understood.  
 
! What role does Patagonia play in the palaeo-Pacific margin of Gondwana, during 
the proposed Cambrian rifting and the formation of the Permian Gondwanide fold 
belt? What are the connections of Patagonia with the rest of South America and the 
Antarctic Peninsula? Patagonia is a critical area for understanding the evolution of 
the southwest margin of Gondwana. However, its southern part has been ignored in 
proposed tectonic models. 
 
In order to answer these questions, it was necessary first to characterise precisely the 
age and isotopic composition of Palaeozoic magmatic and metamorphic rocks from 
Patagonia, the Antarctic Peninsula and the Ellsworth Mountains. These rocks come 
from isolated outcrops and drill cores, and these samples were therefore supplemented 
with samples containing abundant Permian and upper Palaeozoic detritus, that is 
metasedimentary rocks from southwestern Patagonia, northern Antarctic Peninsula and 
the Ellsworth Mountains. The acquired data were then used to evaluate relationships 
between the different areas studied, integrated with published datasets to establish 
possible geological connections. This study contributes valuable new data, which 
! 
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significantly improve our understanding of how the palaeo-Pacific margin of West 
Gondwana evolved, as well as placing new constraints on the origins of the different 
blocks of interest during the Palaeozoic and early Mesozoic. 
 
1.3 Approach  
 
1.3.1 Using zircon as an archive for testing tectonic correlations 
 
Zircon is a common accessory mineral that occurs in a wide variety of igneous 
(crystallising normally from high silica melts), metamorphic (normally at moderate to 
high grades), and sedimentary rocks. It is an important mineral in petrology and 
geochemistry since it combines physiochemical resilience with high concentration of 
important trace elements. U and Th are highly compatible, whereas Pb is excluded 
(Watson et al., 1997); it is therefore the most valuable mineral for U-Pb geochronology. 
It also retains other valuable geochemical information: the O and Hf isotopic 
composition of parental magmas (Valley et al., 2005; Hawkesworth and Kemp, 2006; 
Kemp et al., 2007). Moreover, it has been shown that the Ti content in zircon records 
the temperature at which it crystallised (Watson et al., 2006; Ferry and Watson, 2007; 
Harrison et al., 2007; Fu et al., 2008). 
 
For igneous rocks, the combination of Hf and O isotopes in zircon provide information 
into crust and mantle processes, important in the formation of the magma from which 
the zircons crystallised (Hawkesworth and Kemp, 2006; Kemp et al., 2006; 2007). In 
the case of highly metamorphosed rocks, zircon has been used as a reliable 
geochronometer during different stages of metamorphism and also to decode various 
zircon crystallisation processes (e.g. Bingen et al., 2001; 2004; Hermann and Rubatto, 
2003; Geisler et al., 2007; Harley et al., 2007; Gerdes and Zeh, 2009; Chen et al., 2010; 
Chen et al., 2011; Li et al., 2013; Zeh and Gerdes, 2014). For sedimentary rocks, detrital 
zircons preserve the age and isotopic record of the source area thereby avoiding post-
depositional and low grade-metamorphic effects, which typically affect sedimentary 
rocks. This allows characterisation and discrimination between likely provenances 
within a single zircon age population and therefore the testing of tectonic correlations 
(Cawood et al., 2012). Additionally, detailed isotopic knowledge of selected detrital 
! 
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igneous zircons helps us to understand the magmatic and geological processes in the 
source region.  
 
1.3.2 Sample collection 
 
An important part for this research was the selection and collection of samples from key 
areas. This was not an easy task, mainly due to the difficult access to some of study 
areas and isolation of rock outcrops. Therefore, I used a combination of previously 
analysed rocks, together with new samples collected in West Antarctica and Patagonia. 
Details of location, type of rock, applied analyses as well as the chapter where specific 
results can be found are described in Table 1.1 and 1.2. 
 
1.3.2.1 Samples from Patagonia  
New igneous and metamorphic rocks were selected from the lowest parts of drill cores 
generated during hydrocarbon exploration activities in the Magallanes Basin in Tierra 
del Fuego, southern Patagonia. The selection was done in February and March of 2013, 
thanks to the access to the samples given by Empresa Nacional del Petrolio (ENAP), 
Chile. Results of these new samples were combined with isotopic results of zircons 
from a foliated amphibolite, which was previously analysed for U-Pb zircon 
geochronology by Hervé et al. (2010b). Upper Palaeozoic–lower Mesozoic 
metasedimentary rock samples were also included in this study. While they are also 
from southern Patagonia, they come from the western Chilean margin. One new sample 
was collected during a fieldwork campaign I participated in April 2009 to Desolación 
Island and the other three sandstones were added to this study to extend the 
geographical coverage. They were analysed for U-Pb zircon geochronology by Hervé et 
al. (2003) and later analysed by Fanning et al. (2011), who reported Lu-Hf analyses in 
some grains. Other Permian and lower Triassic igneous rocks from northern Patagonia 
and the Sierra de la Ventana in Argentina were previously studied in detail by Pankhurst 
et al. (2006) and (2014), who published U-Pb zircon ages and other whole-rock 
geochemical and isotopic studies. 
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Table 1.1 Samples from Patagonia analysed in this study. *samples from boreholes; (1) Hervé 
et al. (2003); (2) Pankhurst et al. (2006); (3) Pankhurst et al. (2014); (4) Hervé et al. (2010b); x, 
this study. DYC is the Duque de York Complex and TFIMC is the Tierra del Fuego Igneous and 
Metamorphic Complex. 
Samples Geological unit Location Type Zircon Results 
 
  Latitude Longitude   
U-Pb O Lu-
Hf 
REE 
& Ti   
Southwestern Patagonia                 
DSOL-16 DYC -53.121509° -74.173042° metasandstone x x x 
 
Ch. II  
AL-1 DYC -51.391667° -75.075000° sandstone (1) x x 
 
 Ch. II  
MD32 DYC -50.500000° -75.233333° metasandstone (1) x x 
 
 Ch. II  
MD3 DYC -50.466667° -75.208333° metasandstone (1) x x 
 
 Ch. II  
Sierra de la Ventana     
     
  
SLV-109 López Lecube -38.132778° -62.708889° syenite (2) x x 
 
Ch. III  
North Patagonian Massif     
     
  
LES-118 Calvo -40.329444° -68.440000° granite (2) x x 
 
Ch. III 
LES-119 Prieto -40.380556° -68.458056° granodiorite (2) x x 
 
Ch. III 
LES-122 La Esperanza -40.486389° -68.432500° rhyolite (2) x x 
 
Ch. III 
LES-125 La Esperanza -40.362222° -68.415556° rhyolite (2) x x 
 
Ch. III 
VAL-008 Yaminué ~-40.7800° ~-67.1700° granodiorite (3) x x 
 
Ch. III 
NIY-010 Navarrete -40.592500° -66.565000° granodiorite (2) x x 
 
Ch. III 
PAG-257 Piedra del Águila -40.087222° -70.085278° granite (2) x x 
 
Ch. III 
MAC-128 Puesto Quintulepu -41.775833° -70.298889° granodiorite (2) x x 
 
Ch. III 
GAS-025 Laguna del Toro -42.356111° -69.863056° granodiorite (2) x x 
 
Ch. III 
BOZ-1 Boca de la Zanja -43.442222° -65.942500° granodiorite (2) x x 
 
Ch. III 
Tierra del Fuego*     
     
  
CAT50-1905 TFIMC -52.663643° -68.612823° granodiorite x x x x Ch III & IV 
CEOXE1-1995 TFIMC -52.457496° -68.625937° gneiss x x x x Ch. IV 
COR1-1757 TFIMC -52.782645° -68.690408° granodiorite x x x x Ch III & IV 
LM1 TFIMC -53.795178° -68.849585° amphibolite (4) x x x Ch. IV 
ME9-2025 TFIMC -52.812583° -68.719898° granodiorite x x x x Ch III & IV 
POSXE26-2070 TFIMC -52.288101° -69.035582° gneiss x x x x Ch. IV 
 
1.3.2.2 Samples from West Antarctica 
Sedimentary and igneous rock samples were collected in the Ellsworth Mountains. The 
fieldwork was performed in December 2013 thanks to the Anillo Antártico Project 
(ACT-105) and the Instituto Antarctico Chileno (INACH), Chile. In order to extend the 
stratigraphic coverage, other samples were added to this study. They were collected in 
fieldwork campaigns led by R. Fernandez (Institute for Geophysics, the University of 
Texas at Austin) during the summers of 2000 and 2002, but those results are still 
unpublished. 
 
Other sedimentary rocks used in this study were collected during several fieldwork 
campaigns in which I participated in the Antarctic Peninsula. Fieldwork was carried 
 
!
8 
between 2007 and 2011 and samples were analysed for provenance studies based on 
whole-rock and mineral analyses as part of my Master’s Thesis at the University of 
Chile. Results of this Master’s thesis were published in Castillo et al. (2015). In order to 
extend the study to the Jurassic and Cretaceous sedimentary record in the Antarctic 
Peninsula, I analysed three other sandstone samples previously dated by Hervé et al. 
(2006), Bastias (umpb. thesis) and Olivero (2012a, b). Geologists from the British 
Antarctic Survey collected other Permian and Triassic igneous rock samples used in this 
study. These samples were provided by T.R. Riley and I.L. Millar, and a detailed 
description of these samples can be found in Riley et al. (2012) and Millar et al. (2002). 
 
Table 1.2 Samples from West Antarctica analysed in this study. (1) Bastias (umpb. thesis); (2) 
Hervé et al. (2006); (3) Olivero (2012a; 2012b); (4) Riley et al. (2012); (5) Millar et al. (2002); 
x, this study; §, some zircon grains were analysed in this study and others in 2002, but not 
published; ‡ no zircon was found. TPG is the Trinity Peninsula Group. 
Samples Geological unit Location Type Zircon Results 
 
  Latitude Longitude   U-Pb O Lu-Hf   
Antarctic Peninsula 
       PANTI-06 TPG -63.403375° -57.019443° metasandstone x x x Ch. II 
PANTI-18 TPG -63.302872° -57.887645° metasandstone x x x Ch. II 
PANTI-20 TPG -64.898902° -62.872754° metasandstone x x x Ch. II 
AA0842 TPG -64.652194° -62.191139° metasandstone x 
  
Ch. II 
AA1103-02 Cape Wallace Beds -63.248220° -62.183300° metasandstone (1) x x Ch. II 
VF-14 Miers Bluff Fm -62.647944° -60.372694° sandstone (2) x x Ch. II 
Re9-1 Rabot Fm -64.380000° -57.420000° sandstone (3) x x Ch. II 
H9.67.1 Adie Inlet -66.192500° -62.756357° granodiorite (4) x x Ch. V 
R.814.3 Bastion Peak ~-66.164550° ~-63.583380° granodiorite x x x Ch. V 
R.349.2 Adie Inlet ~-66.200000° ~-62.800000° gneiss (5) x x Ch. V 
R.5257.1 Mount Eissenger ~-70.000000° ~-68.000000° gneiss (5) x x Ch. V 
Ellsworth Mountains     
 
      
 EHD0305A Liberty Hills Fm -80.050242° -82.985531° andesite x x x Ch. VI & VII 
EHD0701A Liberty Hills Fm -79.963174° -82.949534° microdiorite x x x Ch. VI & VII 
EHD1705A Howard Nunatak Fm -79.874972° -83.267056° metasandstone x x x Ch. VI & VII 
EHE0501A Liberty Hills Fm -80.051444° -82.618444° diorite ‡ 
  
 
EHN2301A Liberty Hills Fm -80.452378° -80.718784° lamprophyre ‡ 
  
 
13EG-01 Union Glaciar Fm -79.801300° -83.652880° metasandstone x x x Ch. VI & VII 
13EG-02 Union Glaciar Fm -79.822300° -83.704840° metavolvanoclastic breccia x x x Ch. VI & VII 
13EG-03 Springer Peak Fm -79.615380° -84.057610° lava ‡ 
   13EG-05 Springer Peak Fm -79.606810° -84.449250° metasandstone x x x Ch. VI & VII 
13EG-10 Whiteout Conglomerate -77.602390° -86.323200° sandstone (matrix) x x x Ch. VI & VII 
13EG-15 Whiteout Conglomerate -79.769650° -81.300000° sandstone (matrix) x x x Ch. VI & VII 
EHD0801A Liberty Hills Fm -79.965806° -82.937861° metasandstone x x x Ch. VI & VII 
EAM1001B Mt Wyatt Earp Fm -78.388111° -85.732917° metasandstone § x x Ch. VI & VII 
EA6 Howard Nunatak Fm -79.818333° -83.366222° metasandstone § x x Ch. VI & VII 
PH-10 Liberty Hills Fm -80.336389° -81.284444° metasandstone § 
  
Ch. VI 
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1.4 Thesis structure 
 
This thesis is divided into six chapters following this Introduction chapter and ending 
with a summary. Three of the main chapters have been published, one is submitted and 
the other two are from manuscripts being prepared for submission for publication. 
 
! Chapter I: Introduction. A brief introduction to the current ideas for the 
development of the southwest margin of Gondwana during the Palaeozoic, research 
aims and approach of this thesis. 
 
! Chapter II: Characterisation and tracing of Permian magmatism in the 
southwestern segment of the Gondwanan margin; U-Pb age, Lu-Hf and O isotopic 
compositions of detrital zircons from metasedimentary complexes of northern 
Antarctic Peninsula and western Patagonia. This chapter presents research 
published in the journal Gondwana Research (Castillo et al. 2016). Hf and O 
isotopic data in Permian detrital zircons provide evidence for a Permian subduction-
related magmatic arc, partly located in Patagonia and extending to West Antarctica.  
 
! Chapter III: Zircon O- and Hf-isotopic constraints on the genesis of Permian 
magmatism in Patagonia. This chapter presents research published in the Journal of 
the Geological Society (Castillo et al. 2017b) and shows the first evidence for a 
southern prolongation of the Permian magmatic event from northern Patagonia 
southwards into Tierra del Fuego Island. It also shows different O and Hf isotopic 
trends in zircons from the Permian northern and western belts of the North 
Patagonian Massif in northern Patagonia, which are in keeping with either an 
autochthonous or parautochthonous origin for Patagonia. 
 
! Chapter IV: Basement rocks of the Magallanes foreland basin, Tierra del Fuego; 
constraints from zircon Lu-Hf and O isotopes, and REE data. This chapter is 
submitted to the journal Lithos and shows that: (1) Cambrian basement rocks of 
southern Patagonia are very similar to those of the Cambrian Pampean orogen. 
Therefore these basement rocks were on the extended South American margin in the 
late Neoproterozoic–Cambrian. In Antarctica, the Cambrian magmatism extended 
for a longer period than in South America and Patagonia; (2) Permian high-grade 
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metamorphism was followed by magmatism in southern Patagonia, synchronous 
with deformation stages observed the African part of the Gondwanide fold belt. 
 
! Chapter V: Zircon O and Hf isotope constraints on the genesis of Permian–Triassic 
magmatic and metamorphic rocks in the Antarctic Peninsula and correlations with 
Patagonia. This chapter presents zircon O and Hf isotopic data for samples from 
two different tectonic domains in the Antarctic Peninsula. The results support 
correlation with magmatism in southern Patagonia, and therefore proposed 
connections between these two areas.  
 
! Chapter VI: Provenance and age constraints of Palaeozoic siliciclastic rocks from 
the Ellsworth Mountains in West Antarctica, as determined by detrital zircon 
geochronology. This chapter presents research published in the journal The 
Geological Society of America Bulletin (Castillo et al. 2017a). U-Pb detrital zircon 
ages from Cambrian to Permian–Carboniferous siliciclastic units in the Ellsworth 
Mountains show that sediments from the lowest parts (early Cambrian) were derived 
from the erosion of Cryogenian rift-related magmatic rocks of the Australo-
Antarctic part of the palaeo-Pacific margin of Gondwana. It also indicates that 
deposition during the Permian–Carboniferous was likely linked to that in the 
Transantarctic Mountains in Antarctica, rather than the southern African sector as 
believed previously. 
 
! Chapter VII: The Ellsworth Mountains’ connection with East Antarctica and 
Laurentia. This chapter presents zircon U-Pb, Hf and O isotopic data for igneous 
and sedimentary rocks from the Ellsworth Mountains and confirms the presence of 
in-situ Cryogenian rift-related magmatic rocks. It develops connections between the 
Ellsworth-Whitmore Mountain block and the rifting margin of East Antarctica, 
which is consistent with the break-up of Rodinia in the context of the SWEAT 
configuration of East Antarctica and Laurentia. A second extension-related 
magmatic period is recorded in the Cambrian, which was interpreted to result from 
the tectonic escape scenario after collision of the Australo-Antarctic plate with West 
Gondwana/Indo-Antarctic plate during the amalgamation of Gondwana. 
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! Chapter VIII: Synthesis and interpretation. This chapter presents a brief summary 
of the thesis, including the conclusions reached and the interpretation of the new 
data on the development of the south West margin of Gondwana. 
 
! Electronic Appendix: All the supplementary information relevant to the chapters 
and complete data are listed in a CD attached to this thesis. 
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2 Chapter II 
Characterisation and tracing of Permian magmatism in the southwestern segment of the 
Gondwanan margin; U-Pb age, Lu-Hf and O isotopic compositions of detrital zircons 
from metasedimentary complexes of northern Antarctic Peninsula and western 
Patagonia. 
 
Abstract 
 
Metasedimentary rocks in the Antarctic Peninsula and southwestern Patagonia record 
detrital zircon evidence for significant Permian magmatic events along the palaeo-
Pacific margin of south West Gondwana. However, it is unclear where and how this 
magmatism formed due to the lack of outcropping Permian igneous sources at similar 
latitudes. Combined U-Pb, O, and Lu-Hf isotope analyses of detrital zircon grains in 
Permian–Triassic metasedimentary rocks indicate that the Permian magmatism resulted 
from the interaction of crust- and mantle-derived sources in an active continental 
margin. Permian detrital zircons from the Trinity Peninsula Group in the Antarctic 
Peninsula range from crustal signatures in the northern part (δ18O of ~ 8‰, initial εHf of 
~ -6) to mantle-like values in the south (δ18O of ~ 5‰, initial εHf of ~ +3). Zircons from 
the northern domain have isotopic features similar to those from the Patagonian Duque 
de York Complex. They also share a secondary Ordovician component of ca. 470 Ma. 
The Middle Jurassic Cape Wallace Beds in Low Island record a ca. 250 Ma igneous 
source, with stronger crustal signatures (δ18O and initial εHf values of 7.5 to 10.8‰ and 
-3.2 to -14.2, respectively). In contrast, zircons from the Upper Jurassic Miers Bluff 
Formation on Livingston Island and Cretaceous sediments on James Ross Island have 
similar Permian U-Pb ages, O and Hf trends to their Trinity Peninsula Group 
counterparts, suggesting reworking after the late Jurassic. My results provide evidence 
for a Permian subduction-related magmatic arc, partly located in Patagonia and 
extending to West Antarctica. The southerly decrease in δ18O coupled with increasing 
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initial εHf indicate fewer sedimentary components in the magma source and is 
consistent with a glaciated cold and dry climate. These conditions are comparable with 
West Antarctica climate settings, located close to the South Pole during the 
Carboniferous and Permian.  
 
2.1  Introduction 
 
The Permian Period was an extremely dynamic time for Gondwana due to dramatic 
tectonic and climatic changes. The most extensive Phanerozoic glaciation occurred in 
southern Gondwana during the Carboniferous and the beginning of the Permian 
(Crowell, 1978; Eyles, 1993). This glaciation was followed by a period of global 
warming (e.g. Joachimski et al., 2012), and the greatest extinction event in Earth’s 
history occurred during the end of the Permian (Erwin, 1994; Erwin et al., 2002). In the 
palaeo-Pacific margin of southern Gondwana all these events undoubtedly influenced 
erosion, sedimentation and therefore could also have affected magmatism (and vice 
versa). Upper Palaeozoic–lower Mesozoic metasedimentary rocks represent the most 
extensive vestiges of Gondwana in southern Patagonia and the Antarctic Peninsula (Fig. 
2.1). These rocks are host to a major population of Permian igneous zircons (Hervé et 
al., 2003; Hervé et al., 2005; Barbeau et al., 2010; Fanning et al., 2011), indicating 
significant Permian magmatism along the southern margin of Gondwana. However, the 
location and characteristics of the Permian source(s) and the triggers for that significant 
erosion are still not well known. 
 
Most palaeogeographic reconstructions that include the Antarctic Peninsula and South 
America locate the Antarctic Peninsula immediately west of southern Patagonia during 
the Palaeozoic–early Mesozoic (Lawver et al., 1998; Ghidella et al., 2002; König and 
Jokat, 2006). This implies a Patagonian source for these zircons. However, Permian 
igneous rocks do not outcrop at similar latitudes in South America. The closest outcrops 
are found in the North Patagonian Massif (Fig. 2.1; Pankhurst et al., 2006). In West 
Antarctica, Permian magmatic rocks are reported from isolated outcrops in the Antarctic 
Peninsula (Eden Glacier, Adie Inlet and Bastion Peak in Figure 2.1, Millar et al., 2002; 
Riley et al., 2012) and Marie Byrd Land (Pankhurst et al., 1998b). A detailed study of 
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the Permian detritus can provide further clues about the nature and evolution of this 
Permian magmatism along the southern margin of West Gondwana.  
 
In this study, I combine U-Pb geochronology, Lu-Hf and O isotope data for detrital 
zircon grains from metasedimentary rocks from southern Patagonia and northern 
Antarctic Peninsula. Detrital zircons preserve the age and isotopic record of the source 
area thereby avoiding post-depositional and low grade-metamorphic effects that 
typically affect sedimentary rocks. This allows characterisation and discrimination 
between likely provenances within a single zircon age population and therefore the 
testing of tectonic correlations. Additionally, detailed isotopic knowledge of selected 
detrital igneous zircons helps us to understand the magmatic and geological processes. 
Lu-Hf and O isotopes provide information into crust and mantle processes important in 
the formation of the original magmatic rocks from which the zircons crystallised 
(Hawkesworth and Kemp, 2006; Kemp et al., 2006; Kemp et al., 2007). These new data, 
in combination with existing zircon U-Pb data, are used to constrain the 
palaeogeographic and sedimentary setting of the southern margin of West Gondwana 
and to characterise and track the Permian magmatism in this area.  
 
 
Figure 2.1 Sketch map of the northern Antarctic Peninsula and southwestern Patagonia showing 
the sample locations, Trinity Peninsula Group, Duque de York Complex and localities 
mentioned in the text. NPM stands for the North Patagonian Massif and the red star in the 
Antarctic Peninsula denotes the location of Permian igneous rocks (Eden Glacier, Adie Inlet and 
Bastion Peak). 
!
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2.2 Geological setting 
 
2.2.1 The Antarctic Peninsula: the Trinity Peninsula Group, Miers Bluff 
Formation and Cape Wallace Beds. 
 
The upper Carboniferous–Triassic Trinity Peninsula Group (TPG) comprises principally 
fine grained metasedimentary rocks that crop out widely in the northern Antarctic 
Peninsula (Fig. 2.1). They have been interpreted as turbidites or debris flows, deposited 
along an active continental margin (Hyden and Tanner, 1981; Bradshaw et al. 2012). 
The geological setting of the TPG is not clear, with conflicting interpretations ranging 
from an accretionary complex (e.g. Dalziel, 1984; Storey and Garrett, 1985) to an upper 
slope basinal setting (Smellie, 1987; Smellie, 1991; Bradshaw et al., 2012). A Permian–
Triassic depositional age has been assigned for most parts of the TPG based on detrital 
zircon U-Pb ages (Barbeau et al., 2010; Hervé et al., 2005) with fossil evidence 
suggesting that at least parts of the TPG at Cape Legoupil are Triassic (Thomson, 
1975). View Point may be the only location where the TPG is late Carboniferous–early 
Permian in age (Bradshaw et al., 2012). Provenance analyses suggest a dominant 
Permian igneous source (Hervé et al., 2005; Barbeau et al., 2010; Fanning et al., 2011) 
with a likely tonalite-granodioritic average composition (Castillo et al., 2015).  
 
The Miers Bluff Formation (MBF) crops out exclusively at Hurd Peninsula on 
Livingston Island (South Shetland Islands, Fig. 2.1). It is a turbiditic deposit originally 
correlated with the TPG (Trouw et al., 1997), but now considered to be a younger 
sedimentary succession, on the basis of the occurrence of a Tithonian ammonite 
(Pimpirev et al., 2002) and the youngest detrital zircon population of ca. 170 Ma (Hervé 
et al., 2006). On Low Island (southern island of the South Shetland Islands, Fig. 2.1), 
the Cape Wallace Beds (CWB) represent a similar turbiditic succession (Smellie, 1979). 
It was deposited in the Jurassic as inferred from ammonite and Mollusca fossil 
occurrences (Thomson, 1982). Although sediments of the MBF and CWB were 
deposited after sediments of the TPG, during the Jurassic, the U-Pb zircon age patterns 
show the same broad prominent Permian age peak (Hervé et al., 2006; Bastias, umpb. thesis). 
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2.2.2 Patagonia: the Duque de York complex 
 
The Patagonian and Fueguian Andes are comprised in part by several upper Palaeozoic 
to Mesozoic metamorphic complexes (Hervé et al., 2008). The Duque de York Complex 
(DYC) crops out extensively along the western margin of the Chilean part of Patagonia 
(Fig. 2.1). It has been interpreted as a turbidite complex, deposited unconformably over 
pillow lavas, red and white cherts (the Denaro Complex) and lower Permian pelagic 
fusilinid-bearing limestones (the Tarlton limestone). These three units form the Madre 
de Dios Accretionary Complex (Forsythe and Mpodozis, 1979; Forsythe and Mpodozis, 
1983) and are interpreted to have been frontally accreted during the Middle Triassic to 
earliest Jurassic times (Sepúlveda et al., 2008; Willner et al., 2009). Lacassie et al. 
(2006) suggested that the DYC detritus was derived from a geochemically intermediate 
igneous source, similar to a granodiorite that originated within a continental magmatic 
arc. The basin was probably located close to the continent in an active margin tectonic 
setting (Faúndez et al., 2002; Lacassie et al., 2006). Detrital zircon age patterns 
document a Permian principal source with a maximum possible depositional age of late 
Permian–early Triassic (Hervé et al., 2003; Sepúlveda et al., 2010). Similarities with the 
Torlesse Terrane, in New Zealand, led Lacassie et al. (2006) to propose a common 
provenance for both, probably located along the Marie Byrd Land margin in West 
Antarctica.  
 
2.3 Analytical methods 
 
In this provenance study, seven metasandstone samples have been analysed from the 
northern Antarctic Peninsula and four metasandstone samples from southwestern 
Patagonia (Fig. 2.1). Sample selection was based on geographical distribution and 
stratigraphic relationships. For the U-Pb detrital zircon analyses, four samples were 
selected from the TPG (from north to south: PANTI-06, -18, AA0842 and PANTI-20) 
and a new sample from the DYC on Desolación Island (DSOL-16). Detailed chemistry 
and petrography for these samples are reported in Castillo et al. (2015). O and Lu-Hf 
isotope ratios were measured for a selection of Permian zircon grains, interpreted as 
being igneous in origin on the basis of the internal cathodoluminescence (CL) structure. 
Some randomly selected older zircon grains were also analysed. In order to extend the 
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study to the Jurassic and Cretaceous sedimentary record in Antarctic Peninsula, O and 
Lu-Hf isotopes were analysed in three samples from the MBF (VF-14, previously dated 
by Hervé et al., 2006), the CWB (AA1103-02, previously dated by Bastias, umpb. thesis) and 
the Rabot Formation on James Ross Island (Re9-1, dated as Middle Campanian by Olivero, 
2012a; 2012b). Three additional samples from the DYC were analysed for O and Lu-Hf 
(from north to south: MD3, MD32 and AL-1). Those samples were specifically 
analysed to extend the geographical coverage. They were previously dated by Hervé et 
al. (2003) and later analysed by Fanning et al. (2011), who reported Lu-Hf analyses in 
some grains. 
 
Zircon grains were separated using standard crushing, hydraulic, magnetic and heavy 
liquid procedures. Several hundred randomly poured grains from each sample were cast 
in epoxy mounts together with the Temora reference zircon and polished to about 
halfway through the grains. The grains were photographed under an optical microscope 
using transmitted and reflected light, and their internal structure was CL imaged using a 
scanning electron microscope (SEM). The zircon U-Pb isotopic compositions were 
measured using SHRIMP II and RG ion microprobes at the Research School of Earth 
Sciences, ANU, following standard procedures (see Williams, 1998 and references 
therein). Approximately 70 to 80 zircon grains were randomly selected, but with 
particular attention paid to ensure analysis of only areas free of inclusions and fractures. 
An O2- primary ion beam was focused to a spot of ~ 20 µm diameter and each analysis 
consisted of the measurement of five cycles through the isotope mass sequence. U-Pb 
ratios were determined by reference to Temora (206Pb/238U = 0.06683 equivalent to 417 
Ma, Black et al., 2003) and U concentrations were referenced to analyses of SL13 (U = 
238 ppm). The data were processed using the SQUID Excel Macro (Ludwig, 2001); 
calculations and plots were done using ISOPLOT (Ludwig, 2003) and DensityPlotter 
(Vermeesch, 2012).  
 
After the U-Pb analyses, all spots were removed by polishing and where necessary, the 
samples were modified into megamounts (Ickert et al., 2008), with the addition of the 
Duluth Gabbro FC1 reference zircon. The O isotopic compositions were measured 
using SHRIMP II following methods similar to those given by Ickert et al. (2008). The 
selected grains were analysed in exactly the same locations as the U-Pb spot using a 
positive Cs primary ion beam with a ~ 25 µm spot diameter. Some of the grains of 
interest had previously been analysed for Lu-Hf by Fanning et al. (2011), and so it was 
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necessary to locate a new spot nearby, but within the same growth zone as determined 
from the CL images. The measurements were performed in five sessions and data 
acquisition comprised two sets of six isotope ratio measurements. All analyses were 
corrected for low levels of isotopically light electron-induced secondary ion emission 
(EISIE; Ickert et al., 2008) and when necessary, I applied small corrections for drift in 
the measured compositions of the reference zircons. The O isotopic ratios and 
calculated δ18OVSMOW values were normalised relative to an FC1 standard weighted 
mean value of δ18O = 5.61‰ (Fu et al., 2015). The reproducibility of the FC1 δ18O 
value (or spot-to-spot precision) ranged from 0.31 to 0.45‰ (2σ uncertainty) for the 
analytical sessions, and this error has been added in quadrature to the individual within-
run errors. A detailed account of the analytical session and results of secondary 
standards used in this study can be found in Electronic Appendix 2: CHAPTER II. 
 
Following the acquisition of O data, Lu-Hf isotopic measurements were carried out by a 
laser ablation multi-collector inductively-coupled plasma mass-spectrometry (LA-MC-
ICPMS) using a Neptune MC-ICPMS coupled with a HelEx 193 nm ArF Excimer laser 
ablation system (Eggins et al., 2005). The laser ablation site was centred as closely as 
possible to the spot where the O and U-Pb data had been measured, using CL images to 
ensure that analysed domains were of sufficient size to accommodate the ~ 47 µm 
diameter laser pit. For each session, the mass spectrometer was first turned to optimal 
sensitivity using a zircon grain from the Mud Tank carbonatite (Woodhead and Hergt, 
2005). 171Yb, 173Yb, 174Hf, 175Lu, 176Hf, 177Hf, 178Hf, 179Hf and 181Ta isotopes were 
simultaneously measured in static-collection mode on nine Faraday cups. A gas blank 
was acquired at the beginning of the analytical sessions and every twelve analyses 
thereafter. The laser was pulsed at 5–8 Hz repetition rate providing an energy density on 
the sample surface of 3.2–3.6 J/cm2. Total Hf signal intensity typically fell from five to 
two V during a single analysis. Each analysis corresponds to an 80 second count time, 
but in some cases only a selected interval was used from that total data acquisition: the 
interval over which the 179Hf/177Hf ratio was stable. This was the case for any small or 
zoned zircons. To assess data quality, several reference zircons were measured 
(Electronic Appendix 2: CHAPTER II): 91500, Temora 2, FC1, Mud Tank, QGNG 
(Woodhead and Hergt, 2005) and Plešovice (Sláma et al., 2008).  
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2.4 Results 
 
A summary of the new SHRIMP U-Pb zircon age determinations is given in Electronic 
Appendix 1: CHAPTER II. Data are plotted on Tera-Wasserburg concordia plots, age 
versus probability and kernel density estimation diagrams (Figs. 2.2 and 2.4). 
Previously published SHRIMP U-Pb zircon data have been replotted in Figures 2.3 and 
2.5 for comparison purposes. The time scale is that of the International Stratigraphic 
Chart from the International Commission on Stratigraphy (Cohen et al., 2013; updated).  
 
 
Figure 2.2 Relative probability density plot (black line), kernel density estimator (orange line) 
and Tera-Wasserburg plot of SHRIMP U-Pb zircon data from Trinity Peninsula Group samples. 
Ellipses are 2 sigma errors. 
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Figure 2.3 Relative probability density plot (black line) and kernel density estimator (orange 
line) of SHRIMP U-Pb ages for detrital zircon grains from previously analysed Antarctic 
Peninsula samples. Sample AA1103-02 is replotted from Bastias et al. (in prep), whereas VF-14 
is replotted from Hervé et al. (2006). 
 
 
Figure 2.4 Relative probability density plot (black line), kernel density estimator (orange line) 
and Tera-Wasserburg plot of SHRIMP U-Pb zircon data from sample DSOL-16. Ellipses are 2 
sigma errors.   
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Figure 2.5 Relative probability density plot (black line) and kernel density estimator (orange 
line) of SHRIMP U-Pb ages for detrital zircon grains from the previously analysed DYC 
samples. Samples are replotted from Hervé et al. (2003). 
 
2.4.1 Antarctic Peninsula 
 
Detrital zircon age patterns in all TPG samples are similar, particularly the high 
proportion of Permian age grains (peaking between ca. 266 and 281 Ma, Fig. 2.2). 
These grains have mainly euhedral to subhedral external morphologies, between 60–160 
µm in length, pale brown with weakly round terminations and some show well-
preserved crystal faces. The CL images show oscillatory and sector zoning in most of 
the grains (Figs. 2.6E–J).  The Th/U ratio ranges from 0.1 to 1.8, which is common for 
igneous zircon (Williams and Claesson, 1987; Williams et al., 1996). Both 
characteristics indicate that the zircons are igneous in origin (98% of Permian zircon 
grains). Early Palaeozoic zircons have similar characteristics, as do the Precambrian 
grains, although the latter are anhedral and have round terminations (Figs. 2.6N–R). 
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Samples from northern localities (PANTI-06 and PANTI-18, Fig. 2.1) have Permian 
age peaks at ca. 273 and 278 Ma, representing 39% and 34% of the total population, 
respectively (Fig. 2.2). They also have an important Ordovician component, which is 
more prominent in PANTI-18, and a small population of Proterozoic zircons (Fig. 2.2). 
In the southern localities (AA0842 and PANTI-20, Fig. 2.1), the Permian peak is the 
more prominent, representing more than 70% of the total population. Older age peaks 
are small and the grains are few in number (Fig. 2.2). 
 
 
Figure 2.6 Representative CL images of zircon grains that were used for U-Pb dating, O and Hf 
analyses. Round zircon grains predominantly yield Proterozoic ages (N-R), whereas the 
euhedral grains mainly have ages younger than 500 Ma (Permian: A-J. Ordovician: K-M). (A) 
AA1103-02:31.1. (B) AA1103-02:2.1 (rim) and 2.2 (core). (C) DSOL-16:68.1. (D) DSOL-
16:65.1. (E) PANTI-18:31.1. (F) PANTI-06:5.1. (G) PANTI-06:5.1. (H) PANTI-20:1.1. (I) 
PANTI-118:15.1. (J) PANTI-20:25.1. (K) DSOL-16:35.1. (L) PANTI-06:30.1. (M) DSOL-
16:32.1. (N) PANTI-18:78.1. (O) PANTI-18:32.1. (P) PANTI-06:16.1. (Q) DSOL-16:21.1. (R) 
DSOL-16:25.1. 
 
Between 16 and 18 zircon grains from three TPG samples were selected for O and Lu-
Hf analyses (Electronic Appendix 2: CHAPTER II). In general, TPG zircons have δ18O 
values ranging from 4.3 to 10.4‰, with the Permian zircon grains having a narrower 
δ18O range between 4.3 to 7.7‰ (Fig. 2.7). Zircon grains from the southernmost sample 
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(PANTI-20) have the lowest δ18O values, between 4.5 and 6.4‰, which is within the 
range for zircons with mantle δ18O values (Valley et al., 2005). Permian zircon grains 
from sample PANTI-20 yield initial ɛHf values ranging between -1.3 and +5.2. Sample 
PANTI-18 has Permian zircons with more negative initial ɛHf values, ranging from -5.5 
to -1.6. Sample PANTI-06 shows a larger variation in initial ɛHf values ranging from -
5.5 to +3.3 (with one grain yielding -21.1). Earlier Palaeozoic grains have initial ɛHf 
values varying from -5.5 to +1.9 (Fig. 2.7).         
 
The U-Pb spectra of sample AA1103-02 is dominated by a prominent peak at ca. 252 
Ma and a minor peak at ca. 523 Ma (Fig. 2.3). As seen in the CL images, most zircon 
grains are igneous in origin and some display core-rim structures with Permian–Triassic 
rims and Cambrian cores (Figs. 2.6A and B). The Permian–Triassic zircon grains have 
higher δ18O than the TPG, ranging from 7.3 to 10.6‰, with lower ɛHf values from -14.2 
to -4.9 (Fig. 2.7). The Cambrian zircon components (including some cores) yield δ18O 
values of 6.5 to 8.7‰ and initial ɛHf of -1.6 to -5.8. Sample VF-14, from Livingston 
Island, has a prominent broad Permian age peak, but also a significant Jurassic age peak 
(Fig. 2.3). The ten Permian zircons analysed have δ18O values between 5.1 and 8.7 and 
initial ɛHf values from -6.2 to +2.4, similar to the TPG range and in contrast with the 
Low Island sample (Fig. 2.7). Sample Re9-1, from James Ross Island, yields only 
Permian and late Carboniferous zircon grains (Fig. 2.4). A selection of those grains 
have δ18O values ranging from 5.0 to 7.9‰ and initial ɛHf values between 0.9 and -2.6, 
overlapping with the TPG zircon grain values (Fig. 2.7).     
 
2.4.2 Patagonia: the Duque de York Complex  
 
Zircon grains from Desolación Island (DSOL-16) have similar morphological, CL and 
isotopic characteristics to the TPG zircon grains (Figs. 2.6C and D). They are between 
80 and 200 µm in length, euhedral to subhedral with sub-round terminations. Most of 
the grains show oscillatory and sector zoning and have Th/U ratios between 0.04 and 
1.43, although 97% of the total population has Th/U > 0.1. The U-Pb zircon age 
distribution shows a major input of Permian age grains (39%), with a peak at ca. 274 
(KDE, Fig. 2.4). An additional Ordovician peak represents 25% of the total population 
and there are a few older zircon grains. This secondary Ordovician age peak differs 
from U-Pb age distributions previously published by Hervé et al. (2003) for the DYC, 
which are replotted in Figure 2.5. 
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Between 14 and 21 zircon grains from each DYC sample were selected for O and Lu-Hf 
isotopic analyses (Electronic Appendix 2: CHAPTER II). The Permian DYC zircons 
show a range in δ18O from ~ 5.3‰ to higher values of ~ 8.8‰, but with 83% of the 
population above the range for mantle zircon (Fig. 2.7). The initial ɛHf values of these 
zircons range from -5.4 to +0.9; only one grain from MD3 yields a more evolved value 
of -14.4 (Fig. 2.7). Positive initial ɛHf values are recorded in only 16% of the Permian 
population (within 2σ errors) in grains older than 280 Ma. The δ18O values of the older 
zircon grains are slightly more variable than the Permian ones, ranging from 4.7 to 
12.1‰. They also have more positive initial ɛHf values (~ 50% of the population), but 
scatter between -4.7 and +3.5 (Fig. 2.7).  
  
 
Figure 2.7 U-Pb zircon ages (238U/206Pb) versus initial εHf and δ18O values for zircon grains 
analysed in this study. Diagrams on the left are for samples from the Antarctic Peninsula and 
those on the right are for samples from Patagonia. Error bars are indicated as 2 sigma. The 
mantle zircon δ18O value is from Valley et al. (2005). 
!
!
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2.5 Discussion 
 
2.5.1 Timing of sediment deposition 
 
It is generally accepted that the youngest grains of a detrital zircon population can be 
used to constrain the maximum depositional age of a sedimentary rock (e.g. Dickinson 
and Gehrels, 2009). This is a particularly valuable approach in placing age constraints 
on unfossiliferous sedimentary rocks such as the TPG. The youngest TPG concordant 
zircon dated here has a 206Pb/238U age of 248 ± 3 Ma (sample AA0842). However, 
because of the possibility that any individual analysis (i.e. single spot) might be affected 
by radiogenic Pb loss, or a contaminant, a more robust estimate for the maximum 
depositional age would be the weighted mean for the youngest zircon group. I have 
defined the youngest zircon group as three or more grains, which overlap in age at the 
1σ level. For sample AA0842, the youngest group gives a weighted mean of 250 ± 3 Ma 
(5 grains, mean square of weighted deviates [MSWD] = 0.66), on the boundary between 
the Permian and Triassic. Other TPG samples reveal a maximum possible depositional 
age of 264 ± 5 Ma (7 grains, MSWD = 0.35) for sample PANTI-20, 260 ± 3 Ma (4 
grains, MSWD = 0.6) for PANTI-18 and 264 ± 3 Ma (5 grains, MSWD = 0.51) for 
PANTI-06. These results are similar to the youngest predominant detrital zircon U-Pb 
age component previously reported by Barbeau et al. (2010) and Fanning et al. (2011). 
If I consider that the TPG was deposited in an active continental margin (Castillo et al., 
2015), which is characterised by a large proportion of zircon ages close to the 
depositional age (Cawood et al., 2012), I can assume that the TPG sediments were 
deposited during the Guadalupian to early Triassic.  
 
In Patagonia, for sample MD3 from the DYC, the two youngest grains are ca. 235 Ma 
(see Fig. 2.5, replotted from Hervé et al., 2003) suggesting a Triassic maximum 
depositional age. However, due to their high U concentration (> 2700 ppm for one of 
those grains, Hervé et al., 2003) and thus possible radiogenic Pb loss in the analysed 
area, a more robust estimation of the maximum depositional age is 266 ± 3 Ma (8 
grains, MSWD = 0.57). This age is more in line with an age of 258 ± 3 Ma (4 grains, 
MSWD = 0.8) for the DSOL-16 sample (this study) and the early to middle Permian 
palynological data published by Sepúlveda et al. (2010).  
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2.5.2 Provenance of sediments 
 
All detrital zircon age patterns have distinctive features that warrant discussion as part 
of this provenance study. Two features are common to all samples: (1) high abundance 
of zircons in the Permian age range, but with isotopic differences; (2) scarcity of 
Proterozoic, Silurian, Devonian and Carboniferous zircon grains (although the absence 
of components is not absolutely diagnostic, it may provide useful additional 
constraints). Two other important features belong to few particular samples only: (1) 
abundance of Ordovician zircon grains in samples from the southern part of the DYC 
and northern part of the TPG; (2) moderate abundance of Cambrian zircon grains and 
zircon cores in the CWB. 
 
2.5.2.1 Older components 
The miscellaneous, scarce population of > 540 Ma detrital zircon indicates that the 
major Proterozoic basement shields of Gondwana were mainly isolated from the 
depositional basins during the Permian to Jurassic periods. I infer the minor 
Neoproterozoic component seen in some patterns (e.g. sample PANTI-18, PANTI-06) 
to represent the exposure of older crystalline components due to basement uplift, 
although they need not be derived first order from an exposed source, but could equally 
be recycled components from sedimentary rocks such as the oldest part of the TPG at 
View Point (Bradshaw et al., 2012) or the Eastern Andean Metamorphic Complex in 
Patagonia (Hervé et al., 2003; Augustsson et al., 2006). Anhedral Precambrian zircon 
grains with round terminations support the latter interpretation (Figs. 2.6N–R). 
 
Zircon grains and inherited cores of Cambrian age are common in CWB, but not in the 
TPG, MBF and DYC (Fig. 2.2). It might be expected that the extensive Cambrian rocks 
in the basement of the Magallanes basin in central and northern Tierra del Fuego (Hervé 
et al., 2010a) provided Cambrian zircon grains. In Permian–Triassic times, Tierra del 
Fuego was probably not proximal or restricted to the TPG and DYC depositional basins. 
This configuration had changed by the Jurassic when the CWB sediments were 
deposited. However, in the Middle to Upper Jurassic, the Cambrian basement of Tierra 
del Fuego was totally covered by the volcanic rocks of the Tobífera Formation. These 
rocks are associated with the break-up of Gondwana and correlated with known 
volcanic rocks on the eastern coast of the Antarctic Peninsula (Pankhurst et al., 2000). 
Sample VF-14 has Jurassic zircon grains (at ca. 173 Ma, Fig. 2.3) probably derived 
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from Tierra del Fuego and the eastern Antarctic Peninsula, when the Cambrian 
basement was covered. 
 
Ordovician igneous zircons are an important population in the samples from Hope Bay, 
Cape Legoupil and Desolación Island (Figs. 2.2 and 2.4). Possible sources for 
Ordovician grains are located in the Antarctic Peninsula: the Ordovician protolith and 
conglomerate clast in Eden Glacier area (Riley et al., 2012) and in the upper 
Carboniferous–Permian View Point Formation (Millar et al., 2002; Bradshaw et al., 
2012), and/or in South America: the Famatinian magmatic arc of northwestern 
Argentina (Pankhurst et al., 1998a) and the northern part of the North Patagonian 
Massif (Pankhurst et al., 2006; Pankhurst et al., 2014). 
 
The occurrence of Ordovician conglomerate clasts in the View Point Formation 
suggests that the Ordovician source was proximal during the late Carboniferous–early 
Permian. The clasts have zircons with positive initial ɛHf values (Bradshaw et al., 2012) 
in the same range of Ordovician zircon grains from the Permian–Triassic part of the 
TPG and DYC. It is possible that the source of the conglomerate was exposed and 
eroded in later Permian and Triassic times, shedding sediments to the TPG (Cape 
Legoupil and Hope Bay, proximal localities of View Point) and to the southern part of 
the DYC, or that the primary Ordovician source was exposed throughout, i.e. during the 
Carboniferous, Permian and Triassic. With regard to the first option, the Permian–
Triassic TPG and DYC lack the typical View Point zircon population at ca. 550 Ma, 
with very negative initial ɛHf values (Bradshaw et al., 2012), which is also common in 
the Ellsworth Mountains in West Antarctica (Flowerdew et al., 2007). This suggests that 
the View Point Ordovician clasts and TPG-DYC Ordovician zircons are possibly 
derived from the same source. Riley et al. (2012) reported Ordovician-age protoliths in 
the Eden Glacier, ~ 350 Km. SSW of View Point. They suggested an extension of the 
Famatinian arc from South America and discarded a correlation with Marie Byrd Land 
or northern Victoria Land. As discussed by those authors, this implies a significant 
overlap of South America with the Antarctic Peninsula due to the lack of Ordovician 
rocks south of the North Patagonian Massif. However, Ordovician granitic clasts also 
occur in the Deseado Massif (Pankhurst et al., 2003) and the Cordillera Darwin 
Metamorphic Complex (Hervé et al., 2010b), suggesting a proximal source. Probably, 
the southern Antarctic prolongation of the Famatinian arc or a contemporaneous one 
could be the source for the Ordovician detrital zircon grains. 
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Zircons from the Famantinian arc differ slightly from those of the TPG and DYC in 
terms of O and Hf isotopic compositions. Values for δ18O and initial ɛHf (from 4.5 to 
9.5‰ and +3.5 to -5.1, for δ18O and ɛHf, respectively; Fig. 2.7) indicate the presence of 
a supracrustal component in the magma from which the TPG and DYC zircons 
crystallised, but also mixed with mantle-derived components. Zircons from the 
Famatinian magmatic arc have δ18O values above that for the mantle zircon and 
negative initial εHf (Dahlquist et al., 2013; Pankhurst et al., 2014). Ordovician igneous 
rocks from Sierras Pampeanas have zircon grains with initial ɛHf values between -3.3 
and -14.7 and initial whole rock ɛNd values from -3.3 to -6.3 (Dahlquist et al., 2013). 
This is the same range as recorded in the ɛNd values from Ordovician magmatic rocks 
from the North Patagonian Massif (Pankhurst et al., 2006). Additionally, in central and 
northern Chile, Palaeozoic accretionary complexes have Ordovician zircon grains 
probably derived directly from the Famatinian arc (Bahlburg et al., 2009; Hervé et al., 
2013). In the late Palaeozoic accretionary complex in central Chile Ordovician zircons 
yield δ18O values > 6‰ and negative initial ɛHf from -0.5 to -6.6 (Willner et al., 2008; 
Hervé et al., 2013), in the same range as initial ɛHf values from the accretionary 
orogens from northern Chile (Bahlburg et al., 2009). 
 
Silurian and Devonian zircons are a very minor component in the studied samples. 
Carboniferous zircons are practically absent in the Antarctic Peninsula samples and very 
scarce in the DYC, apart from some late Carboniferous grains in the latter (Fig. 2.5). 
According to Riley et al. (2012), Devonian and Carboniferous magmatism is a discrete 
event in the Antarctic Peninsula, which is restricted to Target Hill. The occurrence of 
Devonian clasts in the View Point Formation suggests a proximal source (Bradshaw et 
al., 2012). In South America, there is evidence for Devonian magmatism and 
deformation in the eastern flank of the main Andean cordillera between 39° and 42°S 
(Hervé et al., 2013 and references therein). Late Carboniferous magmatism, related to 
subduction, is quite extensive in central Chile (Deckart et al., 2014) with extension as 
far as the North Patagonian and Deseado Massifs (Pankhurst et al., 2003). Therefore, all 
these probable source areas were covered or isolated from the Antarctic Peninsula and 
DYC basins during the Permian. 
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2.5.2.2 Principal component: Permian igneous detrital zircon grains 
Permian igneous zircon grains were found in all samples from the TPG, recording 
magmatic activity for at least 30 My, (from ca. 290 to 260 Ma). Figure 2.8 shows the 
negative correlation of initial εHf and δ18O in Permian TPG zircon grains, i.e. high εHf 
corresponds with low δ18O. Such a correlation reflects the interaction of different 
isotopic reservoirs during zircon crystallisation in a co-genetic magmatic suite (Kemp et 
al., 2007). Lower δ18O zircon grains crystalised from a mantle-like derived melt. The 
increase of δ18O, and also the decrease of ɛHf values, records the progressive interaction 
of this melt with a ‘supracrustal’ component (sedimentary or altered volcanic rocks). 
Therefore, Hf and O isotope systematics indicate that this Permian magmatism likely 
formed through incorporation of ancient materials by mantle-derived magmas. 
Assimilation of continental crust during magma ascent can explain the isotopic 
differences seen in Permian detrital zircons (e.g. a thicker continental crust to the north), 
but such isotopic signatures can also be caused by differential amount of subducted 
continental material (Nebel et al., 2011). 
 
 
Figure 2.8 Initial εHf versus δ18O values for Permian detrital zircon grains in this study.  
Symbols are the same as those used in Figs. 2.1 and 2.7. Dotted symbols are zircons of Triassic 
age (from CWB). Errors are plotted as 2 sigma. The overlain fields represent the range of the 
Permian detrital zircon grains from the western series of the late Palaeozoic accretionary 
complex of Central Chile (AC CCh, Hervé et al., 2013). Initial εHf values of zircons from the 
Choiyoi (Kleiman and Fanning, unpublished) and granitoids from the North Patagonian Massif 
(Fanning et al., 2011) are plotted in the figure. Dotted lines represent 100% of the data. 
Continuous lines represent 85% of total data. 
 
My results allow the distinction of two different Permian provenance domains within 
the Permian–Triassic metasedimentary rocks. These domains were fed from slightly 
different sources, but it is likely that these came from the same evolving magmatic arc, 
suggested by a change from a mantle-like signature in the southern domain to more 
crustal signatures in the northern domain. Permian igneous zircon grains from the DYC 
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have similar isotopic characteristics to those from the northern domain of the TPG (Fig. 
2.8). Different provenance domains and north–south variations were also observed in 
the petrography and cathodoluminescence colour spectra of detrital quartz (Castillo et 
al., 2015). The southern domain (or Petrofacies B of Castillo et al., 2015) was derived 
from a continental block, without any contribution of volcanic lithic fragments, unlike 
in the northern domain (or Petrofacies A of Castillo et al., 2015) where a dissected arc 
provenance was determined (Smellie, 1987; Smellie, 1991; Castillo et al., 2015). 
 
Zircon grains from sample AA1103-02 have a late Permian source with stronger crustal 
signature (Fig. 2.8). They have inherited Cambrian zircon cores derived from melting of 
Cambrian sources. These zircon grains could represent a local and later stage of the 
Permian arc magmatism, not exposed until the Middle Jurassic when Gondwanan 
break-up had already started (Fig. 2.9B). On the other hand, igneous zircon grains from 
sample VF-14 and Re9-1 overlap with the O and Hf compositions of both domains of 
the TPG (Fig. 2.8). Moreover, the detrital record of the Middle to Upper Jurassic 
Botany Bay Group also lacks the ca. 250 Ma population (Barbeau et al., 2010) of the 
CWB. This suggests a common provenance, or a sedimentary reworking of the TPG in 
the Middle to Upper Jurassic. With the available data I cannot discern between the two 
possibilities, but it seems unlikely that the CWB did not receive any Permian zircon, 
with the typical TPG age, O and Hf compositions, if that Permian source was exposed. 
Exhumation of the TPG by crustal extension during the break-up of Gondwana could 
have led to reworking of these rocks and also the transportation of Jurassic zircons from 
the eastern Antarctic Peninsula or southern Patagonia.  
 
The Choiyoi magmatic province is the largest silicic magmatic event in western 
Gondwana (Kay et al., 1989; Mpodozis and Kay, 1991). It ranges from the arc related 
magmatism at ca. 281 Ma or lower Choiyoi (Kleiman and Japas, 2009), to the intraplate 
post-orogenic suites at ca. 264 Ma and ca. 251 Ma or upper Choiyoi (Rocha-Campos et 
al., 2011). To the west and south (present coordinates), the late Palaeozoic accretionary 
complex of central Chile is the host to a major Permian igneous zircon population. 
These zircons are clearly traceable to the Choiyoi province and the North Patagonian 
Massif (the Western Series; Hervé et al., 2013) with similar, or even stronger, crustal 
isotopic signatures than the DYC Permian zircons (Fig. 2.8). In case of the TPG, age 
peaks of ca. 266 to 281 Ma can be coincident with peaks of volcanism, but as discussed 
by Sepúlveda et al. (2010), the entire Permian can be regarded as a period of active and 
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geographically widespread magmatism in this region of Gondwana. The proposed 
southern and deeper extensions of the Choiyoi province are the Permian intrusions of 
the North Patagonian Massif (Fanning et al., 2011). Igneous zircon grains from this area 
overlap in age and ɛHf values with the TPG, the MBF and the DYC, even though they 
lack the low εHf CWB population (Fanning et al., 2011). This implies long transport 
patterns, but such patterns are considered unlikely due to the textural characteristics of 
the TPG (Castillo et al., 2015) and the DYC (Lacassie et al., 2006). 
 
Permian magmatism involves possible extension further south of the North Patagonian 
Massif. Subduction along the south Patagonian margin commenced in the late 
Carboniferous (Augustsson et al., 2006) and active subduction during the Permian is 
also recorded further south in Marie Byrd Land (Mukasa and Dalziel, 2000). Ramos 
(2008) proposed a late Palaeozoic magmatic arc with a southern extension under the 
younger sedimentary and volcanic rocks in the NNE forming the ridge known as the 
Dungeness High. Moreover, a Permian high T metamorphic event in the basement of 
Tierra del Fuego has been described by Hervé et al. (2010a). Permian magmatism and 
metamorphism are also known to have occurred in the central and southern parts of the 
Antarctic Peninsula (Fig. 2.9; Millar et al., 2002; Riley et al., 2012) and Marie Byrd 
Land (Pankhurst et al., 1998b). In the Antarctic Peninsula, metamorphic and magmatic 
zircon grains record two Permian events at ca. 252–258 Ma and ca. 272–278 Ma (Riley 
et al., 2012), but no early Permian zircons are reported; as yet no O, Hf nor Nd isotopic 
data exist. Permian granitoids from Marie Byrd Land yield zircons with ca. 285, 275 
and 253 Ma ages (Pankhurst et al., 1998b; Mukasa and Dalziel, 2000). They are I-Type 
(Mukasa and Dalziel, 2000) and yield whole-rock initial ɛNd values between -1.1 to 0.2 
(Pankhurst et al., 1998b), slightly higher than Permian granitoids in the North 
Patagonian Massif (between -2 to -10; Pankhurst et al., 2006), indicative of lower 
crustal components.  
 
2.5.3 The Permian magmatic arc and regional palaeoenvironmental 
conditions  
 
I propose that the main source was a Permian magmatic arc with a north–south 
disposition. Extending from Patagonia (the northern domain), with stronger crustal 
signatures, towards the Antarctic Peninsula and Marie Byrd Land (southern domain), 
with mantle-like isotopic signatures (Fig. 2.9).  In Permian times, the South Pole was 
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located in Antarctica (Torsvik et al., 2008; Domeier et al., 2011) and thus the southern 
domain of the proposed arc magmatism probably occurred along a glaciated margin 
(Fig. 2.9A). The glaciation in the Carboniferous–early Permian has been attributed to 
the high latitude position of Gondwana (Visser, 1996). It initiated in western South 
America during the Mississipian and concluded in Australia during the Guadalupian 
with a diachronous deglaciation (Buatois et al., 2006 and references therein). Low 
chemical weathering in the source area of the TPG also suggests dry and cold climate in 
the Antarctic Peninsula persisted during the Permian and Triassic times (see discussion 
by Castillo et al., 2015). Conversely, in Patagonia or the northern domain, deglaciation 
started earlier (Lindström and McLoughlin, 2007) and even a humid forest environment 
has been proposed during the Permian (see discussion by Sepúlveda et al. 2010).  
 
In a cold and dry climate there is less contribution of sediments to the subducting 
assemblage, therefore magmas formed by subduction at higher latitudes could have 
lower δ18O, i.e. a warm and wet climate led to more erosion than in colder and dryer 
times. Additionally, water and specifically meltwater from glacial ice is depleted in 18O 
in high latitudes and rocks that interact with this water have low whole-rock δ18O 
(Zheng et al., 2007). Therefore, sediments contributed to the subducting assemblage and 
derived from glaciated sources have lower δ18O than a normal ‘supracrustal’ magma 
component (sedimentary rocks have δ18O between 10 and 30‰ and altered volcanic 
rocks ~ 20‰; Eiler, 2001). Therefore, the contemporaneous northern and southern 
domains would interact with different climates, which probably affected the isotopic 
signature of the magma. Although deglaciation from north to south could be fast, a very 
short time interval of ca. 15 m.y. has been reported between burial of the source 
sediments and start of partial melting in early Permian granites of the New England 
Orogen in Australia (Jeon et al., 2012). The initial εHf of DYC Permian zircons 
decreases with time (Fig. 2.7), indicating a consistent rise of sedimentary components in 
the magma source. 
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Figure 2.9 Reconstruction of Gondwana from the palaeo-South Pole showing geological 
elements explained in the text. Sedimentary rocks described in the text: CDMC, Cordillera 
Darwin Metamorphic Complex; EAMC, Eastern Andes Metamorphic Complex; DYC, Duque 
de York Complex; TPG, Trinity Peninsula Group; VP, View Point (part of the TPG); WS, 
western series late Palaeozoic Accretionary Complex of central Chile. (A) Mid Permian 
reconstruction showing the possible extension of the Permian magmatic arc with southern 
extension in the South Pole. Red arrows denote the main sediment path. (B) Late Jurassic 
reconstruction. Reddish area shows the massive extension of continental crust. RVB is the 
Rocas Verdes Basin. Notice the opposed rotation of the Falkland/Malvinas Islands (clockwise) 
and the Ellsworth-Whitmore Mountain Block (counter-clockwise). CMC is the Chonos 
Metamorphic Complex. White arrows denote possible sediment path derived from erosion of 
the TPG. (C) Mid Cretaceous reconstruction. Grey dotted lines denote the opening of the South 
Atlantic Ocean and the Weddell Sea floor. White arrows indicate sedimentation in the James 
Ross basin, in the Upper Cretaceous, with sediments coming from the Antarctic Peninsula 
(TPG). All reconstructions were modified from Plates UTIG, König and Jokat (2006) and 
Dalziel et al. (2013). 
 
A possible sequence of sedimentary events is presented in Figure 2.9:  
 
(1) After deposition of the sediments of the Eastern Andes Metamorphic Complex in a 
passive margin, subduction along the south Patagonia–Antarctic palaeo-Pacific margin 
commenced in the late Carboniferous to early Permian (Augustsson et al., 2006; 
Augustsson and Bahlburg, 2007). The sediments of this complex are not glacial deposits 
and have been compared and correlated, using their detrital zircon age spectra, with 
samples from the Cordillera Darwin Metamorphic Complex basement (Tierra del 
Fuego; Hervé et al., 2010b) and the View Point Formation (northern Antarctic 
Peninsula; Bradshaw et al., 2012; Castillo et al., 2015). I suggest a common origin for 
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these rocks and deposition prior to exhumation and erosion of the Permian arc in the 
northern domain. Sediments with similar characteristics have not yet been identified in 
the southern domain (southern Antarctic Peninsula and Marie Byrd Land). 
Carboniferous glacier deposits are identified in the Ellsworth-Whitmore Mountains 
block (Matsch and Ojakangas, 1992). They are overlain by Permian and Triassic 
volcanoclastic rocks with palaeocurrent directions suggesting sources in Marie Byrd 
Land (Collinson et al., 1992; Mukasa and Dalziel, 2000; Elliot et al., 2016). A similar 
situation is described for the Transantarctic Mountain region (Elliot and Fanning, 2008). 
Those sediments were probably located in a back arc position at similar latitudes to the 
southern domain of the TPG. 
  
(2) The end of the Permian was a time of rapid change from icehouse to greenhouse, 
which predates the latest Permian–early Triassic shift to hothouse conditions (Kidder 
and Worsley, 2004). The most severe mass extinction occurred in this transition (e.g. 
Erwin, 1994). Although the causes of this extinction are still controversial and probably 
there was more than one pulse of extinction (Retallack et al., 2006; Song et al., 2013), 
the correlation with a change in climate suggests that global warming was one of the 
main causes (Joachimski et al., 2012). It is possible that the widespread volcanism in 
southern Gondwana could have contributed to global warming and therefore the mass 
extinction. However, the effect on land was substantial (Benton and Newell, 2014). The 
release of freshwater during deglaciation, isostatic rebound and stripping of vegetation 
facilitated massive erosion of the Permian arc and consecutive sedimentation during the 
Permian and Triassic. The DYC and TPG sediments were deposited in a north–south 
trend (Fig. 2.9A). Although Permian igneous rocks do not crop out in southern South 
America, evidence of Permian high-grade metamorphism (Hervé et al., 2010a) and 
magmatism (Chapter III) beneath younger rocks on Tierra del Fuego Island support that 
extension.  
 
(3) Stronger convergence from the end of Triassic and early Jurassic and oblique 
subduction resulted in the break-up and displacement of the sediments deposited in the 
late Carboniferous and Permian.   
 
(4) In Jurassic times, the CWB sediments were deposited (Fig. 2.9B), probably shortly 
before the Middle Jurassic extrusion of silicic volcanic rocks in Patagonia and the 
Antarctic Peninsula (Pankhurst et al., 2000). The initial fragmentation of Gondwana 
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involved extreme intercratonic extension, and therefore exposure of the Permian–
Triassic sedimentary rocks. This resulted in reworking and deposition of the MBF 
sediments in the late Jurassic. 
 
(5) As the Weddell Sea opened (Fig. 2.9C), in the mid-Cretaceous, the Scotia arc was 
initiated (Dalziel et al., 2013). This arc is the locally emergent mountain chain 
extending from the southernmost Andes through the South Sandwich volcanic arc to the 
Antarctic Peninsula (Dalziel et al., 2013). In the eastern part of the Antarctic Peninsula, 
the James Ross Basin (northern part of the Larsen Basin) developed in a back-arc 
setting and received detritus from the nearby volcanic arc and the TPG in the Antarctic 
Peninsula (Fig. 2.9C).  
 
2.6 Conclusions 
 
Detrital zircon grains from the Trinity Peninsula Group (TPG) have major age peaks at 
ca. 266, 275 and 288 Ma, similar to the Duque de York Complex (DYC). 
Morphological characteristics of the detrital zircon grains and internal structures 
indicate that they are igneous in origin and had a short transport from the source region, 
consistent with previous provenance studies. Hf and O isotopes for those zircon grains 
suggest that their magmatic protoliths were formed by interaction between crust- and 
mantle-derived magmas, consistent with continental arc magmatism. Although the TPG 
and DYC have a common major Permian age peak, the DYC lacks a mantle-like source 
component as found in the southern TPG (sample PANTI-20). These isotopic variations 
were interpreted as being the result of the increase of the sedimentary component in the 
arc magma source to the northern regions.  
 
Ordovician detrital zircon grains at ca. 470 Ma are a significant age component in the 
northern TPG and Desolación Island in Patagonia. This age is associated with the 
Famatinian orogenic belt in South America. However, Hf and O isotopes record 
juvenile compositions for the TPG and DYC, a feature yet to be recorded in South 
America.  
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Late Permian zircon grains from the Cape Wallace Beds (CWB) record a subordinate, 
probably local magmatic episode exposed to erosion by the Middle Jurassic. Inheritance 
and higher δ18O coupled with lower εHf values point to a stronger supracrustal 
influence in the magma from which the CWB zircon crystallised. In contrast, the Miers 
Bluff Formation and Re9-1 samples have Permian zircon grains with the same U-Pb 
ages, O and Hf compositions as their TPG counterparts. Those sediments are probably 
derived from the erosion of the TPG.   
 
The Choiyoi group and the North Patagonian Massif are the most popular source 
candidates for the Permian zircon grains. However, Ordovician mantle-like and 
Cambrian zircons, added to climate considerations suggest a different location of the 
source: probably an extension from Tierra del Fuego Island into West Antarctica. 
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3 Chapter III 
Zircon O- and Hf-isotope constraints on the genesis of Permian magmatism in 
Patagonia 
 
Abstract 
 
The genesis of Permian magmatism in southern South America is actively debated, 
particularly in relation to the origin of Patagonia. U-Pb zircon ages of ca. 255 Ma for 
igneous rocks from the basement of Tierra del Fuego are the first evidence for southerly 
prolongation of this magmatism. Zircon in these rocks has initial εHf values < -1 and 
δ18O > 7.4‰, indicating recycling of Cambrian rocks. Permian granites in the north of 
the North Patagonian Massif record mantle-like δ18O magmatic input at ca. 280 and 255 
Ma, but reworking of upper crust between these two events, paralleling the recognised 
deformational history. In northwestern Patagonia, early Permian granitic rocks have 
zircon with initial εHf values ranging from +0.1 to -7.2, and δ18O > 6.2‰, suggesting 
continuity of the Permian magmatic belt along the western margin of South America 
farther north. Comparison with a sample from the Sierra de la Ventana suggests melting 
of similar crust on both sides of the Patagonia–South American hypothetical suture. 
These features, together with other geological considerations, are consistent with an 
autochthonous or parautochthonous origin of northern Patagonia and connection 
between southern Patagonia and the Antarctic Peninsula in late Palaeozoic time. 
 
3.1 Introduction 
 
The origin and tectonic evolution of the southern part of South America is still actively 
debated. Discussions not only focus on whether Patagonia has always been part of 
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South America or an accreted crustal block (e.g. Ramos, 1984; 2008; Pankhurst et al., 
2006; Rapalini et al., 2013; Ramos and Naipauer, 2014), but also include uncertainty 
about its uniformity (e.g. Pankhurst et al., 2006; Schilling et al., 2008; Chernicoff et al., 
2013; Mundl et al., 2015) and its relationship with other crustal blocks such as the 
Antarctic Peninsula (e.g. Hervé et al., 2005; Chapter II). Permian plutonic and volcanic 
rocks are widespread in northern Patagonia and constitute an excellent tool to examine 
the different hypotheses on the origin of Patagonia. One hypothesis considers the whole 
of Patagonia as an allochthonous terrane, originating on the East Antarctic margin that 
collided with Gondwana (South America) in the late Palaeozoic (Ramos, 1984; 2008; 
Ramos and Naipauer, 2014). In the current form of this model, the movement of 
Patagonia towards Gondwana and the subsequent collision during the late Permian gave 
rise to this significant magmatic event. The second hypothesis considers northern 
Patagonia to be autochthonous, and the central and southern parts to be allochthonous 
(Pankhurst et al., 2006). In this case, the Permian magmatism is assigned to a subducted 
slab break-off under northern Patagonia after the collision of southern Patagonia. 
Although deformation in the northeastern corner of the North Patagonian Massif, with a 
major NNE–SSW compressive stress regime, supports a collision as in the first model 
(von Gosen, 2003; López de Luchi et al., 2010), Cambrian and Ordovician granites in 
the same area point towards a continuation of the Pampean and Famatinian orogenic 
belts of South America (Rapalini et al., 2013; Pankhurst et al., 2014). In an attempt to 
reconcile evidence for both autochthony and collision, Rapalini (2005) introduced a 
parautochthonous model, in which Patagonia first rifted from South America, as 
suggested by Rapela et al. (2003), and later re-collided. 
 
In this study, new and published U-Pb sensitive high-resolution ion microprobe 
(SHRIMP) zircon ages have been supplemented and integrated with Hf- and O-isotope 
data for Permian granitoids from northern and southern Patagonia. The aim is to re-
evaluate Permian crustal evolution in Patagonia, place constraints on the tectonic 
activity, and test different tectonic models as well as possible connection with the 
Antarctic Peninsula. The combined analysis of the stable O and radiogenic Hf isotopic 
compositions in zircon provides valuable information about aspects of granite genesis, 
in particular the relative contributions of juvenile depleted mantle and recycled or 
longer-lived crustal sources in the magmatic system (e.g. Hawkesworth and Kemp, 
2006; Kemp et al., 2007). Magmas with long crustal residence after extraction from 
depleted mantle normally interact with other isotopic reservoirs from the crust. In this 
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case, the time-dependent Hf isotope compositions can be coupled with O- isotope data, 
the latter being very sensitive to additions or mixing with crustal sources (Hawkesworth 
and Kemp, 2006; Kemp et al., 2006; 2007). However, Hf and O isotopes are not always 
correlated. If a mantle-derived magma crystallises and then remains in the deep crust 
without interacting with upper crustal material, the O isotopic compositions will retain 
their mantle-like compositions but the Hf isotopic compositions would continue to 
evolve by radioactive decay (albeit rather more slowly than in depleted mantle owing to 
the lower Lu/Hf ratio). If new magma is subsequently formed from this source, zircon 
crystallising from it would inherit mantle-type O but more evolved Hf isotopic 
compositions. Thus the O and Hf isotopes would have become decoupled, Hf appearing 
to indicate an older crustal component whereas O would indicate the essentially juvenile 
origin. Hence I stress the need to use both Hf and O systematics for such studies. 
 
3.2 Geological Setting 
 
Patagonia is the geographical region south of Río Colorado (Fig. 3.1). It consists of the 
Patagonian and Fuegian segments of the Andes on the Pacific side and a platform 
known as extra-Andean Patagonia, which extends eastwards from the Andes to the 
Atlantic coast. The crystalline Palaeozoic basement of Patagonia has been traditionally 
considered in terms of two tectonic blocks: the North Patagonian Massif (NPM) and the 
Deseado Massif. The NPM occupies most of northern Patagonia (Fig. 3.1). Its northern 
boundary is covered by the Meso–Cenozoic Colorado Basin (Yrigoyen, 1999), but the 
Huincul fault zone is believed to represent its actual northern limit (Gregori et al., 
2008). Outcrops of Palaeozoic basement rocks in the NPM are scarce and sparsely 
distributed. Early Cambrian and Middle Ordovician magmatic rocks crop out in the 
northeast (Pankhurst et al., 2006; 2014; Rapalini et al., 2013) and were respectively 
correlated with the Cambrian Pampean (e.g. Rapela et al., 1998; Iannizzotto et al., 2013) 
and Ordovician Famatinian (e.g. Pankhurst et al., 1998a; Dahlquist et al., 2008) belts in 
central and northwestern Argentina. In the western and southwestern margins of the 
NPM basement rocks of uncertain age were intruded by Devonian granitoids and then 
early Carboniferous I-type and mid Carboniferous S-type granites (Pankhurst et al., 
2006). Permian granites are very extensive and have widespread exposures (Fig. 3.1A).  
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The Deseado Massif is located south of the Meso–Cenozoic San Jorge basin (Fig. 3.1). 
Palaeozoic basement rocks are poorly exposed and consist of weathered and altered 
granitoids of Silurian and Devonian age intruding Neoproterozoic metasedimentary 
rocks (Pankhurst et al., 2003). The southern boundary of the Deseado Massif is the 
Jurassic–Cretaceous Magallanes basin, which extends over most of Tierra del Fuego 
and the adjoining mainland areas (Fig. 3.1). Crystalline basement does not crop out 
there but igneous and metamorphic basement has been recovered from drill cores in 
which Cambrian foliated peraluminous granitoids are variably transformed to 
orthogneisses (Söllner et al., 2000; Hervé et al., 2010a). 
 
 
Figure 3.1 Sketch map of southern South America showing the studied areas and the main 
tectonic elements as given in the text. Modified from Pankhurst et al. (2014), Choiyoi from 
Kleiman and Japas (2009), the late Palaeozoic accretionary complex of Central Chile (LPA 
CCh) from Hervé et al. (2013). NM and WM are the northern and western magmatic arcs 
(Ramos, 2008); HFZ is the Huincul fault zone (Gregori et al., 2016). Inset A: Geological sketch 
map of the North Patagonian Massif showing the pre-Cretaceous outcrops and sample locations, 
modified from Pankhurst et al. (2006; 2014). Inset B: Map of Tierra del Fuego showing the 
location of the boreholes from which the samples were taken. 
!
3.2.1 Two possible late Palaeozoic magmatic belts 
 
Based on the geographical distribution of late Palaeozoic rocks, and in part K-Ar mica 
ages for drill core material from the San Jorge basin, Ramos (2008) proposed two 
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separate magmatic arcs (Fig. 3.1): partially coeval northern (NM) and western (WM) 
belts. This subdivision has been followed in the treatment of data here, partly to test for 
significant differences between northern and western Permian magmatism. According 
to Ramos (2008), the northern arc was active before and during the collision of 
Patagonia with the rest of South America; on the basis of old K-Ar dating of borehole 
material that author projected the western belt across the San Jorge basin to the Deseado 
Massif, with probable prolongation to the south into the submarine Dungeness High 
(Fig. 3.1). The western belt also contains Devonian and mid Carboniferous igneous 
rocks and Ramos (2008) speculated that its origin was linked to subduction and 
subsequent collision of the Antarctic Peninsula. Hervé et al. (2010a) reported the 
presence of a Permian metamorphic event in Tierra del Fuego, documented by the 
development of low Th/U metamorphic zircon. This event affected Cambrian igneous 
and sedimentary rocks, and was followed by at least 8–12 km of exhumation before 
Middle Jurassic times. Eroded cover rocks, together with the Permian granitoids of the 
NPM, have been proposed as the principal sources of Permian detritus for the upper 
Palaeozoic–lower Mesozoic metasedimentary rocks that crop out widely at the margin 
of Patagonia and the Antarctic Peninsula (e.g. Hervé et al., 2003; 2010a; Pankhurst et 
al., 2006; Fanning et al., 2011; Chapter II). 
 
3.2.2 Permian magmatism in the North Patagonian Massif 
 
The NPM exhibits widespread Permian granitoid magmatism, ranging in age throughout 
the Permian period and extending into the Triassic (Pankhurst et al., 1992; 2006; 
Chernicoff et al., 2013). The composition of these granitoids is variable, including those 
with metaluminous I-type and peraluminous S-type affinities, intruding Cambrian–
Ordovician metamorphic rocks in the northern sector, and Carboniferous metamorphic 
rocks in the western and southern areas (Llambías and Rapela, 1984; Pankhurst et al., 
2006; López de Luchi and Cerredo, 2008; López de Luchi et al., 2010). Most of the 
published U-Pb geochronology for Permian and Triassic intrusions in the NPM are from 
Pankhurst et al. (2006) (see Table 3.1). 
 
The Laguna del Toro granodiorite and the Piedra del Aguila leucogranite are the oldest 
Permian intrusions in western NPM. Early Permian ages of 294 ± 2 and 290 ± 3 Ma, 
respectively (Table 3.1); both bodies have been deformed. 
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In the northeastern corner of the NPM, the oldest Permian granite is the unfoliated 
Navarrete granite, dated at 281 ± 3 Ma (Table 3.1). It intrudes late Carboniferous meta-
igneous and Cambrian–early Ordovician metasedimentary rocks (Pankhurst et al., 2006; 
López de Luchi et al., 2010). This intrusion was assigned to a subduction regime on the 
basis of major and trace element data (Rapela and Caminos, 1987). Also in the northern 
part, the La Esperanza plutonic complex includes the unfoliated, high-K, calc-alkaline 
Prieto granodiorite and Donosa granite (Llambías and Rapela, 1984; Martínez Dopico et 
al., 2013). The Prieto granodiorite is the largest and the oldest unit of this complex, 
dated at 273 ± 2 Ma; it intrudes a sequence of low-grade metasedimentary rocks (Fig. 
3.1A). The last pulse of the magmatism in this area was dominated by the Calvo granite 
(250 ± 2 Ma), and related acid dykes that represent felsic volcanism of the Dos Lomas 
complex (Pankhurst et al., 2006). The Yaminué complex also occurs in the northern part 
of the NPM, consisting of foliated granitoids and locally undeformed leucogranitic 
dykes (López de Luchi et al., 2010) dated at around 250–260 Ma (Chernicoff et al., 
2013; Pankhurst et al., 2014). 
 
Other isolated outcrops of Permian magmatism occur in the NPM and also in the Sierra 
de la Ventana area, north of the NPM (Fig. 3.1A). The Boca de la Zanja granodiorite in 
the southeastern part of the NPM (sample BOZ-1) has a U-Pb zircon age of 257 ± 2 Ma 
(Pankhurst et al., 2006). The López Lecube intrusion (sample SLV- 109) consists of 
syenitic and granitic rocks, isolated from other igneous and sedimentary rocks that crop 
out in the Sierra de la Ventana area (Gregori et al., 2003). It has an age of 258 ± 2 Ma 
(Pankhurst et al. 2006). 
 
3.3 Samples and methods 
 
Three new Permian samples come from the deepest parts (1700–2030 m) of drill cores 
in the Magallanes basin (Fig. 3.1B). These were analysed for whole-rock geochemistry 
and zircon U-Pb, O- and Hf-isotopic compositions. Zircon grains were separated using 
standard crushing, hydraulic, magnetic and heavy liquid procedures and then cast in 
epoxy mounts with Temora (Black et al., 2003; 2004) and FC1 (Paces and Miller, 1993) 
reference zircons. The U-Pb isotopic compositions were measured using SHRIMP II, 
following standard methods (Williams, 1998). Ten other igneous samples from the 
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NPM and one sample from the Sierra de la Ventana area (Fig. 3.1A) were included for 
the O- and Hf- isotope study, using Permian zircon grains dated previously by 
Pankhurst et al. (2006; 2014). 
 
After age determination U-Pb analysis pits were removed by light polishing and when 
necessary samples were recast into megamounts (Ickert et al., 2008). O-isotope 
compositions were measured using SHRIMP II following procedures similar to those 
described by Ickert et al., (2008). The O-isotope ratios and calculated δ18OVSMOW values 
were normalised relative to the weighted mean of reference zircon FC1 for the 
respective analytical session. Hf-isotope compositions were then obtained in the same 
dated spot by inductively coupled plasma mass spectrometry (ICP-MS) using a Neptune 
multicollector (MC)-ICP-MS system coupled with a HelEx 193 nm ArF Excimer laser 
ablation system (Eggins et al., 2005). The initial 176Hf/177Hf ratios were calculated using 
the U-Pb crystallisation age of each grain or area and results are expressed as initial εHf 
(εHft). All measurements were carried out at RSES, The Australian National University. 
Detailed analytical techniques, corrections and reproducibility of reference zircons are 
presented in Electronic Appendix 1: CHAPTER III. 
 
3.4 Results 
 
A summary of the results is shown in Table 3.1, with the full analytical datasets given in 
Electronic Appendix 2 and 3: CHAPTER III. 
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T
able 3.1 Sum
m
ary of sam
ples and results. * Pankhurst et al. (2006). ** Pankhurst et al. (2014). 
Sam
ple 
 
L
ocation 
M
agm
atic rim
s 
Inheritance  
 
 
Latitude 
Longitude 
U
-Pb age  
±2σ (M
a) 
δ
18O
 (‰
) 
Initial εH
f 
U
-Pb age (M
a) 
δ
18O
 (‰
) 
Initial εH
f 
SLV
-109 
López Lecube granite 
-38.132778° 
-62.708889° 
258 ± 2* 
6.01 to 7.05 
-5.37 to -7.04 
- 
- 
- 
LES-118 
C
alvo granite 
-40.329444° 
-68.440000° 
250 ± 2* 
4.39 to 5.85 
-5.56 to -8.97 
- 
- 
- 
LES-122 
La Esperanza rhyolite 
-40.486389° 
-68.432500° 
246 ± 2* 
5.14 to 6.65 
-7.34 to -8.66 
- 
- 
- 
LES-125 
La Esperanza felsic dom
e 
-40.362222° 
-68.415556° 
264 ± 2* 
6.57 to 7.55 
-3.78 to -11.40 
- 
- 
- 
LES-119 
Prieto granodiorite 
-40.380556° 
-68.458056° 
273 ± 2* 
5.97 to 7.32 
-2.86 to -4.62 
- 
- 
- 
N
IY
-010 
N
avarrete granite 
-40.592500° 
-66.565000° 
282 ± 3* 
4.83 to 6.46 
4.71 to 1.70, -5.05 
ca. 425 to 630 
8.05 (1 grain); 
-0.84 (1 grain); 
ca. 1050; 1150 
6.39 (1 grain) 
9.78 (1 grain) 
V
A
L-008 
Y
am
inué granodiorite 
~-40.7800° 
~-67.1700° 
251 ± 2** 
6.11 to 7.65 
-4.56 to -14.72 
- 
- 
- 
PA
G
-257 
Piedra del Á
guil granite 
-40.087222° 
-70.085278° 
290 ± 3* 
7.36 to 8.40 
-3.96 to -5.25 
ca. 880; 1810 
- 
- 
M
A
C
-128 
Puesto Q
uintulepu granite 
-41.775833° 
-70.298889° 
281 ± 2* 
6.61 to 7.16 
-2.34 to -5.42 
ca. 745 
8.17 (1 grain) 
4.56 (1 grain) 
ca. 1030 
- 
- 
G
A
S-025 
Laguna del Toro granodiorite 
-42.356111° 
-69.863056° 
294 ± 2* 
6.84 to 7.83 
0.10 to -4.38 
ca. 960 
6.71 (1 grain) 
2.95 (1 grain) 
B
O
Z-1 
B
oca de la Zanja granite 
-43.442222° 
-65.942500° 
257 ± 2* 
6.21 to 7.68 
-5.50 to -7.18 
ca. 510 
10.19 (1 grain); 
-5.14 (1 grain); 
ca. 1030 
7.75 (1 grain) 
4.40 (1 grain) 
C
A
T50-1905 Tierra del Fuego granodiorite 
-52.663641° 
-68.612822° 
254 ± 3 
7.34 to 12.31 
-4.45 to -8.21 
ca. 470 
- 
- 
ca. 520 to 540 
ca. 8.15 (3 grains) 
ca. -1.95 (3 grains) 
ca. 960 
- 
- 
M
E9-2025 
Tierra del Fuego granodiorite 
-52.812583° 
-68.719898° 
258 ± 3 
8.11 to 9.04 
-3.66 to -7.28 
ca. 510 to 660 
ca. 7.99 (2 grains) 
ca. -3.4 (2 grains) 
C
O
R
1-1757 
Tierra del Fuego granite 
-52.782645° 
-68.690408° 
254 ± 3 
7.32 to 8.82 
-3.92 to -7.48 
ca. 520 to 580 
ca. 8.79 (3 grains) 
ca. -0.62 (3 grains) 
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3.4.1 Southern Patagonia 
 
Samples CAT50-1905 and ME9-2025 from Tierra del Fuego are classified as 
granodiorite, whereas sample COR1-1757 is a metamorphosed granite (detailed 
description and geochemistry are given in the Electronic Appendix 1: CHAPTER III). 
The morphology of the zircon grains in all samples from Tierra del Fuego is similar; all 
are considered to be primary igneous crystals mostly medium to coarse (length 100–350 
µm), pale pink, euhedral and elongated. Cathodoluminescence (CL) images show 
internal structures comprising thin oscillatory zoned rims enclosing cores (Fig. 3.2). The 
cores form a significant component of each grain, ranging from 80 to 200 µm in length; 
most are distinguished from their rims by irregular contacts, which truncate the internal 
zoning. Zoning patterns of cores range from oscillatory to unzoned, and some have 
outer parts showing a very thin discontinuous layer with bright CL. They are interpreted 
as being inherited igneous zircons. The analysed rims (between 19 and 21 in each 
sample) have U and Th concentrations mostly ranging from ~ 60 to ~ 650 ppm and from 
~ 50 to ~ 500 ppm, respectively; in all cases the Th/U ratios range from 0.2 to 1.1. The 
weighted mean 206Pb/238U ages for samples COR1-1757, CAT50-1905 and ME9-2025 
are 254 ± 3, 254 ± 3 and 258 ± 3 Ma, respectively (Fig. 3.3). 
 
 
Figure 3.2 CL images of representative igneous zircons from Tierra del Fuego samples, with U-
Pb dates, δ18O and initial εHf values of each analysed area. 
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Figure 3.3 New SHRIMP U-Pb data for samples from Tierra del Fuego in a Tera-Wasserburg 
concordia plot; probability density plots of 206Pb/238U ages with stacked histograms are also 
shown; error ellipses are at the 2σ level. Location of samples is shown in Figure 3.1 and data is 
presented in Electronic Appendix 2: CHAPTER III. Weighted mean 206Pb/238U ages are given 
for the magmatic rims and are considered the best estimates for the igneous crystallisation age. 
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The O- and Hf-isotope zircon compositions for the Tierra del Fuego Permian samples 
analysed are similar in all samples (Fig. 3.4). Permian igneous rims yield δ18O values 
ranging from 7.3 to 9.2‰ (although sample CAT50-1905 has two grains yielding δ18O 
> 10‰). There is no significant change in δ18O from core to rim, with the cores having 
δ18O values of 7.0–9.1‰. The εHft values of the rims range from -8.2 to -3.7: the cores 
generally have less negative values (-5.3 to +0.5), but they fit a simple crustal evolution 
path implying a common source that separated from depleted mantle in 
Mesoproterozoic times (Fig. 3.4). 
 
 
Figure 3.4 U-Pb zircon ages (206Pb/238U) versus initial εHf and δ18O values for zircons analysed 
in this study for samples from Tierra del Fuego. Error bars are at the 2σ level, although it should 
be noted that most of these are smaller than the actual symbols. The value for zircon with 
mantle δ18O is from Valley et al. (2005). Dotted lines connect cores and rims of each respective 
zircon. 
 
3.4.2 Northern Patagonia  
 
Zircons from samples located in the western part of the NPM, MAC-128 (281 ± 2 Ma), 
GAS-025 (294 ± 2 Ma) and PAG-257 (290 ± 3 Ma), have similar δ18O values ranging 
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from 6.7 to 8.4‰ and εHft ranging from +0.1 to -5.4 (Fig. 3.5). All these samples have 
older inherited cores, with similar or higher δ18O, from 6.7 to 8.2‰, and positive εHft 
ranging from +4.6 to +3.0 (Table 3.1). 
 
The zircon rims in the 281 ± 3 Ma granite sample NIY-010 (Navarrete granite) are 
distinguished by low δ18O of 4.8–6.5‰ and mostly positive εHft values (Fig. 3.5). 
Whereas the zircon rims have juvenile or mantle-like O-isotope signatures, the inherited 
Cambrian and Mesoproterozoic cores (as dated by Pankhurst et al., 2006) have higher 
δ18O values (Table 3.1). 
 
Igneous zircons in the Yaminué complex sample (VAL008) show a range of δ18O from 
6.1 to 7.7‰, similar to that recorded by zircon in sample VAL009 previously reported 
by Pankhurst et al. (2014). εHft values are more variable than those from sample 
VAL009, ranging from -4.6 to -14.7 (Fig. 3.5). 
 
 
Figure 3.5 U-Pb zircon ages (206Pb/238U) versus initial εHf and δ18O values for zircons analysed 
in this study for samples from the North Patagonian Massif. Error bars are shown at the 2σ 
level. The value for zircon with mantle δ18O is from Valley et al. (2005). Light grey fields 
represent the range of Permian–Triassic magmatism in the western Chile margin, from Deckart 
et al. (2014), Hervé et al. (2014) and del Rey et al. (2016). The O–Hf data for sample VAL009 
are from Pankhurst et al. (2014). 
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Magmatic rocks from the La Esperanza area (samples LES-118, -119, -122 and -125) 
show a wide range of zircon O- and Hf-isotope compositions (Fig. 3.5). The Prieto 
granodiorite, sample LES-119 (273 ± 2 Ma), has zircon δ18O values from 6.0 to 7.3‰ 
and negative εHft values ranging from -2.9 to -4.6. Zircon in the 264 ± 2 Ma rhyolite 
sample (LES-125) shows similar δ18O values from 6.6 to 7.6‰, but more negative εHft 
values, ranging from -3.8 to -14.4 In contrast, the early Triassic samples (sample LES-
118 and LES-122) have zircons with negative εHft of -5.6 to -9.0, but δ18O values from 
4.4 to 6.7‰, within the range of mantle-derived zircon. 
 
In the Sierra de la Ventana area, igneous zircons from the López Lecube syenite sample 
SLV-109 (258 ± 2 Ma) have negative εHft values between -5.4 and -7.0, with δ18O 
ranging from 6.0 to 7.1‰. These results are comparable with those for sample BOZ-1 
(257 ± 2 Ma) from the southeast NPM, between the two arcs proposed by Ramos 
(2008). However, sample BOZ-1 has older inherited zircon components with higher 
δ18O values than the magmatic Permian rims (Table 3.1). 
 
3.5 Discussion  
 
3.5.1 The isotopic trends of the Permian magmatic rocks 
 
3.5.1.1 Northern Patagonia  
A major metasedimentary input is recorded for magmas generated in the western part of 
the NPM (samples MAC-128, GAS-025 and PAG-257; Fig. 3.5), which is consistent 
with the predominant peraluminous chemistry of rocks in this area (Fig. 3.6B), although 
it should be noted that MAC-128 and GAS-025 are themselves metaluminous. In 
sample MAC-128, the δ18O values of detrital zircon cores exceed those in equilibrium 
with mantle or juvenile lower crust and are higher than in the Permian magmatic rims 
(Table 3.1). This implies inclusion of crustal material in a slightly more juvenile magma 
and is consistent with generation in a subduction-related tectonic setting, as previously 
suggested by the whole-rock geochemistry (Fig. 3.6; López de Luchi and Cerredo, 
2008). The O-Hf isotopic compositions in zircons of these samples are similar to those 
of the subduction-related Permian rocks of the western Chile margin (Fig. 3.5), 
suggesting similar tectonic processes. 
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The zircon O-Hf isotopic compositions of samples from the northern NPM show 
striking trends when plotted as a function of crystallisation age (Fig. 3.5). Zircon δ18O 
values change from mantle-like for the Permian Navarrete granite, through more 
sediment-like values for the Yaminué and Prieto granodiorites, and returning to mantle-
like values for the early Triassic zircons from the Calvo granite and La Esperanza 
rhyolite (Fig. 3.5). This trend is to some extent mirrored by the zircon εHft values, 
although the Calvo granite and La Esperanza rhyolite have negative εHft, not the 
expected positive values. 
 
 
Figure 3.6 Major element geochemical trends in the Permian and early Triassic units discussed 
in this study. A: Variation of FeOt/(FeOt+MgO) versus SiO2. After Frost et al. (2001). B: 
A/CNK versus A/NK diagram after Maniar and Piccoli (1989). A = Al2O3, N = Na2O, K = K2O 
and C = CaO, all in molar proportions. C: Modified alkali-lime diagram (Frost et al., 2001). D: 
R1 versus R2 multi-cationic discrimination diagram after Batchelor and Bowden (1985). Data for 
the North Patagonian Massif were taken from: (1) Gregori et al. (2003), (2) Pankhurst et al. 
(2006), (3) Rapela and Caminos (1987), (4) Rapela and Llambias (1985), (5) Pankhurst et al. 
(2014) and (6) López de Luchi and Cerredo (2008). 
 
The O-Hf isotopic compositions of magmatic zircons from the Navarrete granite 
indicate that it crystallised from a juvenile magma, within the accepted δ18O range for 
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zircon with mantle-like compositions. However, the εHft values (< +5) are lower than 
those of contemporaneous depleted mantle (about +15) and are in keeping with a 
significant time since separation (Hf depleted-mantle model ages are ca. 1100 Ma). The 
unradiogenic Hf was either inherited directly from a Mesoproterozoic lower crustal 
source or resulted from contamination with such lower levels of the crust. The 
contrasting more crustal compositions of the inherited cores suggest that, even though 
the juvenile magma interacted with 18O-richer upper crustal material, there was not 
complete equilibration. 
 
The combined O-Hf isotopic compositions of zircons from La Esperanza (samples LES-
118, -119, -122, and -125) indicate highly evolved sources, but different degrees of 
assimilation of 18O-rich upper crustal material, as is recorded by the negative older 
crust-like εHft but contrasting δ18O values (Fig. 3.5). Therefore, the δ18O-εHft inter-
pluton trend for these samples can be characterised by variations in the degree of 18O 
enrichment (Fig. 3.7A) and may indicate melting of different levels of an early 
Mesoproterozoic crust (ca. 1600 Ma). Lower crust or enriched lithosphere igneous 
sources indicated by negative εHft but mantle-like δ18O in zircon at the Permian–
Triassic boundary interval may indicate a change in geodynamic conditions at this time. 
 
The O-isotope compositions of zircons from the Calvo granite and La Esperanza 
rhyolite (Fig. 3.5) suggest magmas derived from the mantle, but the time-dependent Hf-
isotope compositions point to magmas derived from evolved, unradiogenic crustal 
sources. This implies that the source was separated from the depleted mantle for some 
considerable time prior to magma genesis (Hf depleted mantle model ages of 1500–
1700 Ma) but without recycled intra-crustal additions, as the zircon δ18O values remain 
approximately constant. The δ18O composition in these zircons would thus be 
indistinguishable from those derived from primitive mantle magmas or lower crustal 
source regions. Thus, the importance of combining the O isotopic system with a time-
dependent one as provided by the Lu-Hf system is clear from this study. It underlines 
the limitations in using Hf model ages to determine timing of juvenile magmas 
additions to the continental crust (e.g. Nebel et al., 2011; Payne et al., 2016; Vervoort 
and Kemp, 2016). It has been proposed that mantle-like δ18O values should be used as a 
filter for assessing whether zircon Hf model ages have some geological meaning or not 
(e.g. Dhuime et al., 2012). However, tracking additions of juvenile components to a 
mantle-like O and negative εHft is difficult to assess using just those isotopic systems 
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and therefore Hf model ages would remain of doubtful geological significance. This is 
especially a problem in extensional continental settings, where there can be significant 
melting of the crust, including lower crustal material. 
 
 
Figure 3.7 Plot showing εHft versus δ18O values in zircon from the northern NPM (A), Sierra de 
la Ventana, Boca de la Zanja and Tierra del Fuego (B) with the estimated compositions of 
potential end members and theoretical mixing trends. The Palaeozoic metasedimentary country 
rocks are the Coli Niyeu (Labudía and Bjerg, 1995) and Nahuel Niyeu formations (Chernicoff 
and Caminos, 1996). No Hf- or O-isotope data are available, but εHft was estimated from the 
whole-rock Nd-isotope composition of the Nahuel Niyeu Formation (Pankhurst et al., 2006), 
using the Nd-Hf correlation of Vervoort et al. (1999) and δ18O values between 10 and 30‰ 
were assumed as typical of sedimentary rocks. The isotopic composition of the end members 
was: (1) δ18O = 5.3‰ and εHft = 4 for the juvenile material, taken from the Navarrete granite, 
and δ18O = 12.5‰ and εHft = -7.5, estimated for the Nahuel Niyeu Formation. The 
juvenile/supracrustal ratio of Hf concentrations was taken as 0.5. (2) δ18O = 5.3‰ and εHft = -
6.5 for the juvenile lower crust, taken from the Calvo granite. The relative Hf concentrations are 
the same as in model 1. (3) Hypothetical components in order to show the need for a less 
radiogenic supracrustal component. Values for the juvenile component are as in model 1, the 
hypothetical supracrustal component (grey star) has δ18O = 10.5‰, εHft = -26 and the 
juvenile/supracrustal ratio of Hf concentrations is 0.3. For all models, the value of DHf = 1 and 
all εHft values have been recalculated to t = 250 Ma. Depleted Mantle (white star) values are 
from Vervoort and Blichert-Toft (1999) and the mantle δ18O from Valley et al. (2005). 
 
It has been shown that isotope-time trends may correlate with the patterns of 
compressional and extensional events, as juvenile magmatic input can be enhanced 
during extension (Kemp et al., 2009). A change from a convergent plate margin to an 
extensional regime is recorded in the San Rafael Massif during the emplacement of the 
Permian Choiyoi Group at ca. 265 Ma (Kleiman and Japas, 2009). The same change 
may have occurred in the NPM, although it would have been contemporaneous with a 
compressional setting in the Sierra de la Ventana and Yaminué complex (Kleiman and 
Japas, 2009; López de Luchi et al., 2010). The change in zircon O-Hf isotopic 
composition of granite samples VAL-008 and VAL-009 from the Yaminué complex 
(Figs. 3.5 and 3.7A), may also define an inter-pluton trend towards more juvenile 
isotopic compositions indicating increasing involvement of a mantle-like source around 
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250 Ma. Mixing is also recorded in the southeast NPM at ca. 255 Ma, where zircons 
from sample BOZ-1 show a decrease of δ18O values from core to rim indicating mixing 
of a lower crust or enriched lithosphere source with 18O-rich upper crustal material, 
perhaps by entrainment of old crustal zircons. Similar O-Hf isotopic compositions in 
zircons of the contemporaneous sample SLV-109 (Fig. 3.7B) in the Sierra de la Ventana 
suggest melting and recycling of similar Mesoproterozoic crustal material. 
 
Pankhurst et al. (2014) suggested a complex but essentially Mesoproterozoic source for 
Permian granites in the Yaminué complex. The apparent δ18O-εHft trend for sample 
VAL-009, and perhaps also for sample LES-125, indicates the need for a less radiogenic 
source (Fig. 3.7A). Chernicoff et al. (2013) produced evidence of significant Archaean 
inheritance in a 260 Ma granite from the Yaminué complex and calculated Hf model 
ages in the range 1900–3300 Ma. However, only zircons with mantle-like O isotopic 
composition can be considered to provide reliable Hf model ages (Dhuime et al., 2012) 
and those with more 18O-enriched isotope compositions reflect crustal reworking and 
provide only mixed model ages. Thus the data can also be interpreted as due to mantle-
derived magmas reworking metasedimentary protoliths containing a high proportion of 
Archaean detritus (Fig. 3.7A). 
 
3.5.1.2 Southern Patagonia  
My SHRIMP U-Pb zircon age data record the first evidence of late Permian magmatism 
in southernmost Patagonia. The igneous zircon rims have O-Hf isotopic compositions 
that indicate that the magma source had a strong supracrustal influence and involved 
recycling of 18O-richer Cambrian upper crustal material (Fig. 3.4). Sample CAT50-1905 
has some zircon areas with an even stronger supracrustal influence, also with Tonian 
and Cambrian inheritance. This suggests the presence of a metasedimentary influence in 
the source region, as shown in Figure 3.6B. My data are consistent with felsic, crust-
derived, late Permian magmatism, and indicate correlations with other events in 
northern Patagonia. As shown in Figure 3.7B, the apparent δ18O-εHft trend for Tierra 
del Fuego samples is similar to that proposed for the NPM. 
 
A Permian metamorphic event in Tierra del Fuego at upper amphibolite to granulite 
metamorphic facies has been dated at 267 ± 3 Ma (U-Pb SHRIMP zircon ages, Hervé et 
al., 2010a). If the magmatism and metamorphism are related, then samples analysed in 
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this study record post-orogenic magmatism that could be associated with extensional 
collapse and partial melting of upper crust related to thermal relaxation and/or 
exhumation of the orogen. Ramos (2008) suggested extensional collapse in the hanging 
wall during the Permian (e.g. for initiation of the La Golondrina basin) after the 
hypothetical collision of the Antarctic Peninsula with Patagonia. However, the 
contemporaneous occurrence of mid- to late Permian magmatism and metamorphism in 
Tierra del Fuego and the Antarctic Peninsula (Millar et al., 2002; Riley et al., 2012) 
indicates that pre-collisional subduction could not have been located between the two 
areas. It is more likely that Permian east-directed subduction was active along a joint 
Patagonia–Antarctic Peninsula margin (e.g. Chapter II). 
 
3.5.2 Northern Patagonia: autochthonism versus collisional deformation  
 
Continuity of the NPM crust with South America in the early Palaeozoic is suggested 
by several lines of evidence: the apparent continuation of Cambrian (Pampean) and 
Ordovician (Famatinian) orogenic belts, and similar age patterns of detrital zircons from 
Cambrian–Ordovician metasedimentary rocks (Pankhurst et al., 2006; 2014; Rapalini et 
al., 2013). However, deformation in the Sierra de la Ventana has been interpreted as 
evidence of a collisional setting (e.g. Ramos, 1984; 2008; Kay et al., 1989; von Gosen, 
2003; Ramos et al., 2014). Synorogenic tuff deposits of the Tunas Formation in the 
Sierra de la Ventana, dated as middle early Permian at 280.8 ± 1.9 Ma (López-Gamundí 
et al., 2013) and 282.4 ± 2.8 Ma (Tohver et al., 2008), are contemporaneous with the 
emplacement of the Navarrete granite. However, the emplacement of this granite seems 
to preclude a collisional setting as it is unfoliated and has juvenile isotopic 
characteristics. 
 
In the Sierra de la Ventana, a second deformation event occurred in the late Permian 
based on 40Ar/39Ar ages from biotite, muscovite and sericite of 265–260 Ma (Tohver et 
al., 2008), in the same time interval that has been assigned to collision in the 
northeastern NPM. This deformation is recorded in the Yaminué complex (López de 
Luchi et al., 2010), dated at ca. 260–250 Ma (Chernicoff et al., 2013; Pankhurst et al., 
2014). If the collision occurred during the second pulse of deformation, then the 
Navarrete granite may have formed as a consequence of pre-collisional subduction. 
However, there is no evidence for widespread or prolonged pre-Permian subduction- 
related magmatism in the NPM that would support the idea of an approaching 
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allochthonous terrane, for example, throughout Carboniferous time. Ramos et al. (2014) 
reported εHft values ranging between +10.5 and -1.9 for late Carboniferous–early 
Permian detrital zircons from the Tunas Formation, which they ascribed to relatively 
juvenile sources in the northern NPM implying close proximity of the two areas. 
 
In the western part of the NPM, early Permian and Carboniferous magmatism (I-type 
and S-type) can be seen as a continuation of the late Carboniferous–early Permian 
subduction-related magmatism recorded all along the western continental margin; that 
is, in the Chilean Precordillera (Munizaga et al., 2008; Maksaev et al., 2014, and 
references therein), the southern extension of the Frontal Cordillera (27–31°S, Hervé et 
al., 2014; del Rey et al., 2016, and references therein), and the Cordillera del Viento in 
Argentina (37°S, Llambías et al., 2007). The zircon O-Hf isotopic data for late 
Palaeozoic–Triassic granites in the western Chile margin show evolution from crust-
derived magmas during the early Permian magmatic arc phase to more juvenile 
compositions during the late Permian–Triassic (Hervé et al., 2014; del Rey et al., 2016). 
This is the reverse of the trend of Permian magmatism in the northern NPM, but similar 
to the O-Hf isotopic compositions in zircons of the western NPM (Fig. 3.5). A sample 
from the Huingancó complex in the Cordillera del Viento (Hervé et al., 2013) is plotted 
in Figure 3.8 as a reference. Early stages of Choiyoi magmatism dated at ca. 281 Ma 
(Rocha-Campos et al., 2011) are also attributed to an active continental margin, with the 
later stages following post-orogenic collapse and extension (Kleiman and Japas, 2009). 
This indicates similar tectonic processes north of, and continuing into, the western NPM 
during early Permian times. 
 
These similarities suggest continuity of the NPM with South America during the late 
Palaeozoic and the observed deformation would be equally explicable without the 
closure of an ocean between them, as previously maintained by other researchers 
(Gregori et al., 2008; 2016; Pankhurst et al., 2014). Kleiman and Japas (2009) proposed 
continental blocks that rotated in a clockwise manner, in relation to a curved margin, to 
explain contemporaneous extensional and compressional settings in the San Rafael 
Massif and Sierra de la Ventana, respectively. Granitic intrusions in coevally 
extensional and contractional domains have also been reported, by Gregori et al. (2016), 
in the NPM in the late Permian. Those researchers proposed an indentation-escape 
tectonic model (Gregori et al., 2008) and curvilinear regional lineaments dominated by 
strike-slip movements forming extensional and contractional domains. 
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3.5.3 Permian igneous and detrital zircons: correlation with the 
Antarctic Peninsula  
 
The Western Series of the late Palaeozoic accretionary complex of central Chile crops 
out directly to the west of the present-day NPM (Willner et al., 2004; Hervé et al., 2013; 
Fig. 3.1). This fossil subduction complex has U-Pb detrital zircon patterns with 
predominantly Permian and subsidiary Cambrian and Devonian age components (Hervé 
et al., 2013). The similar O-Hf isotopic compositions of detrital Permian zircons (data 
taken from Hervé et al., 2013; Fig. 3.8), together with similar age components, clearly 
indicate sources located in the western NPM. South of 46°S (west and south of the 
Deseado Massif) sediments from the Eastern Andes Metamorphic Complex (Fig. 3.1) 
record a change in provenance, with Devonian to late Carboniferous detrital zircon 
derived from Devonian to Mesoproterozoic sources, and Permian and Triassic zircon 
derived from Permian sources (Hervé et al., 2003; Augustsson et al., 2006). The 
Permian and Triassic metasedimentary complexes in this area, which include the 
Permian part of the Eastern Andes Metamorphic Complex and the Duque de York 
Complex (Fig. 3.1), were supplied with detritus from local Patagonia and West 
Antarctic sources (Augustsson et al., 2006; Chapter II) and have Permian detrital 
zircons with O-Hf isotopic characteristics similar to the Permian igneous rocks of the 
western NPM (Fig. 3.8). 
 
Detrital zircons with the characteristics of those from the Tierra del Fuego Permian 
rocks (i.e. Permian rims and Cambrian cores) have not yet been reported in the southern 
Patagonian accretionary complexes (Fig. 3.8). However, the Middle Jurassic Cape 
Wallace Beds of the northern Antarctic Peninsula have late Permian detrital zircons 
with strong internal structure, age and isotopic similarities to those in the Tierra del 
Fuego rocks (Fig. 3.8). They have the same core–rim structures, U-Pb ages and O-Hf 
zircon isotopic signatures (Chapter II). This strongly supports a southern Patagonia– 
Antarctic Peninsula connection during the Jurassic before the break-up of Gondwana 
(Lawver et al., 1998; Ghidella et al., 2002; König and Jokat, 2006). Permian and 
Triassic metasedimentary rocks of the Trinity Peninsula Group in the Antarctic 
Peninsula, which are correlated with those of the Duque de York Complex in Patagonia, 
have Permian detrital zircons with a probable local Permian magmatic arc source 
(Castillo et al., 2015; Chapter II). The northern Trinity Peninsula Group detrital zircons 
have comparable O-Hf isotopic signatures to Permian magmatic rocks in the NPM, but 
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the additional southern, more juvenile Permian component has not yet been recorded in 
southern Patagonia (Fig. 3.8) and is probably located in West Antarctica (Chapter II). 
 
 
Figure 3.8 Variations of εHft versus δ18O values in zircon for Permian and early Triassic 
zircons of sampled from Tierra del Fuego and western North Patagonian Massif. The εHft 
versus δ18O values for the Huingancó complex are plotted in the figure for comparison; data 
from Hervé et al. (2013). εHft versus δ18O values for Permian and early Triassic detrital zircons 
from accretionary complexes from Patagonia (above) and the Antarctic Peninsula (below); data 
for the Western Series of the late Palaeozoic accretionary complex from central Chile (Western 
Series ACCCh) were taken from Hervé et al. (2013), and data for the Duque de York Complex, 
the Trinity Peninsula Group, Miers Bluff Formation and Cape Wallace beds were taken from 
Chapter II. 
 
Palaeozoic basement rocks of the Antarctic Peninsula include Ordovician-age 
protoliths, reworked and melted during the Permian, and discrete Silurian, Devonian 
and Carboniferous magmatic rocks (Millar et al., 2002; Riley et al., 2012). All these 
events have been recognised in the evolution of Patagonia, especially in the NPM, 
where the most geochronological data are available. Furthermore, Permian magmatism 
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and metamorphism at ca. 275 and ca. 255 Ma in the north and central Antarctic 
Peninsula (Millar et al., 2002; Riley et al., 2012) record similar and contemporaneous 
processes affecting both southern Patagonia and the Antarctic Peninsula. However, 
these processes affected different rocks, Cambrian in southern Patagonia and 
Ordovician in the Antarctic Peninsula. If the Antarctic Peninsula was located west of 
southern Patagonia, this implies Ordovician crust west of Cambrian crust (basement of 
Tierra del Fuego), in the same way as the relationship between the Pampean and 
Famatinian belts north of Patagonia. Thus these regions would have been contiguous 
not only in the Jurassic but also during the majority of Palaeozoic time. The opposite 
sense of relationship between the Pampean and Famatinian belts in the NPM may be 
solved by a curved continental margin in northeastern Patagonia as proposed by 
Rapalini et al. (2013). A curved continental margin during the Permian, south of 34°S, 
was also proposed by Kleiman and Japas (2009). 
 
3.6 Final considerations: the Gondwanide fold belt 
 
The Sierra de la Ventana formed part of a continuous fold belt along the Gondwana 
margin known as the Gondwanide fold belt (Du Toit, 1937). The sections comprising 
the Sierra de la Ventana, the Cape Fold Belt in South Africa, the Falkland/Malvinas 
Islands and the Ellsworth Mountains (Fig. 3.9) share similar characteristics: Cambrian 
sedimentation in a continental rift setting, a late Cambrian (?) to Carboniferous passive 
margin and Permian deformation (Curtis, 2001; Rapela et al., 2003). The deformation 
occurred up to ~ 1500 km inland of the previous continental margin and two main 
hypotheses about its formation have been suggested: collision of an exotic terrane (e.g. 
Pankhurst et al., 2006; Ramos, 2008) and flat-slab subduction (Dalziel et al., 2000). 
According to the latter model, the flat slab would involve a non-magmatic zone or a 
reduction of arc volcanism during the 270–240 Ma interval (Dalziel et al., 2013), which 
is not consistent with the Permian magmatism in the NPM, Tierra del Fuego and the 
Antarctic Peninsula. 
 
In the case of the collision models, Patagonia has been the preferred candidate for the 
exotic terrane. Based on reports of the early Cambrian archaeocyath fauna in the NPM 
(González et al., 2011), resembling taxa in the Transantarctic Mountains in East 
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Antarctica, Ramos and Naipauer (2014) proposed that Patagonia originated as the 
conjugate margin of the Transantarctic Mountains from Southern Victoria Land to the 
Pensacola Mountains. This model implies parallel translation of more than 2500 km and 
does not take into account other tectonic blocks of West Antarctica and their potential 
correlation with Patagonia and the Transantarctic Mountains. Nor does it consider the 
absence of Palaeozoic rift-related magmatism in the Transantarctic Mountains. 
Archaeocyaths also occur in the Ellsworth Mountains, both in situ (Henderson et al., 
1992) and also in late Carboniferous–early Permian diamictites (Debrenne, 1992). They 
are in fact widespread, being found in diamictites in the Falkland/Malvinas Islands, 
South Africa and South America (Stone and Thomson, 2005; Stone et al., 2012; 
González et al., 2013). This suggests correlations between these glacial deposits during 
the late Carboniferous–early Permian, and supports an extensive early Cambrian reef 
system (Dalziel et al., 2013) as a better explanation for the occurrence of this faunal 
record. All evidence is consistent with a parautochthonous origin for the NPM 
(Rapalini, 2005; Rapalini et al., 2013), as well for the southern part of Patagonia and the 
Antarctic Peninsula. 
 
 
Figure 3.9 Schematic reconstruction of southwest Gondwana showing Permian plate 
configuration; early Permian subduction between South America–Patagonia–Antarctica and the 
South Africa–Ellsworth sector that resulted in a collision and deformation of the Gondwanide 
fold belt. The consumed Palaeozoic ocean floor was probably formed in the Cambrian, during 
the continental rifting that is recorded in the Sierra de la Ventana–Ellsworth sector. AP is the 
Antarctic Peninsula; DM is the Deseado Massif; EWM is the Ellsworth-Whitmore Mountains 
block; M/FI is the Malvinas/Falkland Islands; NPM is the North Patagonian Massif; SV is the 
Sierra de la Ventana; TI is Thurston Island. 
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Recent studies, based on Re-Os isotopes, suggest lithospheric connections between the 
Deseado Massif and the Namaqua–Natal belt of South Africa (Mundl et al., 2015) or the 
Falkland/Malvinas block (Schilling et al., 2008). Mundl et al. (2015) suggested that the 
formation ages of subcontinental lithospheric mantle domains under southern Patagonia 
indicate a common origin with crustal sections in the Shackleton Range. It is possible 
that Patagonia, together with a proto-Antarctic Peninsula, could have rifted partially 
from the Sierra de la Ventana–South Africa–Ellsworth Mountains sector of west 
Gondwana during the Cambrian (Rapela et al., 2003), to then collide during the Permian 
(Fig. 3.9). If this was the case, the northern NPM would not necessarily have rifted 
completely from South America, and west-directed subduction in the Patagonia–
Antarctic Peninsula margin could have continued during Ordovician, Devonian and 
early Permian times. In this context, the deformation and magmatism in the northern 
NPM could be related to west–east-directed compression owing to the indentation of 
blocks farther east as proposed by Gregori et al. (2016). 
 
The possibility of a Palaeozoic ocean basin between Patagonia–Antarctica and the 
South Africa–Ellsworth sector would imply that ocean floor was consumed. The lack of 
Palaeozoic magmatic events younger than ca. 500 Ma in southern Africa, the 
Falkland/Malvinas Islands or the Ellsworth Mountains and the occurrence of probable 
post-collisional anatectic granites in Tierra del Fuego imply that Patagonia was the 
overriding plate (Fig. 3.9). During deformation of the Cape Fold Belt, detrital zircon age 
patterns in sedimentary rocks and tuff deposits changed significantly. In the Ellsworth 
Mountains, volcanic tuffs in the Permian Polarstar Formation indicate nearby volcanism 
at ca. 275–250 Ma (Elliot et al., 2016), as do similar volcanic tuffs in the Permian–
Triassic Karoo Basin, in the latter case also including some early Permian components 
(Fildani et al., 2009; Lanci et al., 2013; McKay et al., 2015). 
 
Deformation of the Cape Fold Belt in South Africa is constrained by muscovite and 
biotite 40Ar/39Ar ages, which record two age clusters: an older one, at ca. 275–260 Ma, 
reflects the onset of the deformation, and a younger one, at ca. 255–245 Ma, may reflect 
either cooling of exhumed rocks or a second, younger episode of deformation (Hansma 
et al., 2016). The same ages are recorded in Tierra del Fuego, where metamorphism is 
dated at ca. 265 Ma (Hervé et al., 2010a) and post-orogenic magmatism at ca. 255 Ma. 
Based on these multiple lines of evidence I propose that Permian collision between 
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Patagonia (connected to South America and the Antarctic Peninsula) and South Africa 
was responsible for deformation in the Gondwanide fold belt. 
 
3.7 Conclusions 
 
New SHRIMP U-Pb zircon ages record the first evidence of late Permian (ca. 255 Ma) 
magmatism in Tierra del Fuego, derived from melting of underlying Cambrian 
continental crust. This magmatism was post-orogenic with respect to the high-T 
metamorphism event reported by Hervé et al. (2010a) in the same area. 
 
All the studied Permian granites (with the exception of the Navarrate granite in the 
northern NPM) show isotopic evidence for a significant crustal component. O-Hf 
isotope compositions of magmatic zircons from the Tierra del Fuego samples are 
similar to those from contemporaneous granites in the western part of the NPM, 
consistent with subduction-related magmatism during the early Permian. In the northern 
NPM, the zircon O-Hf isotopic compositions of mid- to late Permian rocks suggest 
reworking of old lithosphere by more juvenile components from ca. 280 to 255 Ma. 
 
Zircons from La Esperanza samples also record evidence for a major change in 
geodynamic conditions during the late Permian and early Triassic, where extensional 
conditions are indicated during emplacement of the felsic Calvo granite. However, 
contemporaneous magmatic rocks in the Yaminué Complex also indicate compressive 
tectonics (e.g. López de Luchi et al., 2010). Comparison with Late Permian magmatism 
from the Sierra de la Ventana suggests melting of similar crust. Together with other 
geological considerations, this is in line with an autochthonous or parautochthonous 
origin of the northern NPM. 
 
My data also confirm a connection between southern Patagonia and the Antarctic 
Peninsula from late Palaeozoic to Jurassic times: these two regions exhibit similar 
records of Permian magmatism and metamorphism. In Jurassic times, before the break-
up of Gondwana, sources in Tierra del Fuego shed detritus to the northern Antarctic 
Peninsula. 
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Finally, this study highlights the utility (in fact the necessity) of using combined 
isotopic signals in zircons of igneous rocks for tracing or evaluating tectonic processes. 
My data also suggest that interpretations based on Hf model ages need careful 
evaluation, even when δ18O in zircon has a mantle-like signature.  
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4 Chapter IV 
Basement rocks of the Magallanes foreland basin, Tierra del Fuego; constraints from 
zircon Lu-Hf and O isotopes, and REE data 
 
Abstract 
 
The island of Tierra del Fuego is a critical area for understanding the Palaeozoic 
evolution of the southwestern margin of Gondwana. Cambrian magmatism occurred 
between ca. 540 and 520 Ma, with the igneous zircons recording initial εHf values 
ranging from +1.2 to -3.8, and δ18O > 6.8‰. These indicate a clearly uppercrustal (e.g. 
sedimentary) influence on the magma source, but also suggest that isotopic 
homogenisation occurred early in the magma evolution. Comparison of U-Pb zircon 
data, together with other geological considerations, indicates strong similarities between 
these Cambrian rocks and those of the Pampean orogen of Argentina. Zircon U-Pb, Lu-
Hf and O isotopic data in combination with REE+Y+Ti analyses enable recognition of 
both Permian metamorphic and magmatic zircon growth. Ti contents, U-Pb, O and Lu-
Hf isotopes indicate that metamorphic zircon grew at ca. 265 Ma from hydrous fluids 
following homogenisation. Lu-Hf isotopes in metamorphic overgrowths suggest that the 
hydrous fluids interacted with Grenvillian rocks (ca. 1000 Ma) before transport and 
crystallisation. Magmatism occurred at ca. 255 Ma arising from melting of Cambrian 
rocks, as confirmed by trace element and Ti concentrations in Permian igneous zircons, 
but new zircon crystallisation occurred under more variable and higher ƒO2 than for the 
Cambrian magmatism. U-Pb ages of inherited detrital zircon cores also indicate a 
Grenvillian provenance (1100−950 Ma), as well as components of 640−590 Ma (and 
520 Ma) and 2080−1850 Ma. I suggest that southern Patagonia was involved in 
collision with southernmost Africa during the Guadalupian (mid-Permian), as is 
recorded by the metamorphism and post-tectonic magmatism in Patagonia, synchronous 
with the stages of deformation observed in the Cape Fold Belt. 
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4.1 Introduction  
 
The Palaeozoic Tierra del Fuego Igneous and Metamorphic basement complex of 
Patagonia (TFIMC, Hervé et al., 2010a) plays a key role in any reconstruction of the 
southwestern part of Gondwana. It has been regarded as the missing link between two 
early Palaeozoic orogenic belts: the Pampean in Argentina and the Ross in East 
Antarctica (Söllner et al., 2000). These orogens, together with the Delamerian orogen in 
Australia, represent tectonic activity associated with a convergent continental margin 
along the Pacific-Iapetus margin of Gondwana (Cawood, 2005). However, it has also 
been suggested that the Laurentian craton, the core of present day North America, was 
still attached to that part of Gondwana between South America and East Antarctica until 
some time into the Cambrian period (Dalziel, 2014). The latter suggestion is mainly 
based on correlation of Cambrian rift magmatism in the central part of this margin, i.e., 
the Sierra de la Ventana of Argentina, southernmost Africa and the Ellsworth 
Mountains of West Antarctica (Curtis et al., 1999; Curtis, 2001; Rapela et al., 2003). A 
second, less well recognised, late Palaeozoic event linked with the Gondwanide orogen 
(Du Toit, 1937; Veevers and Powell, 1994; Cawood, 2005) is recorded throughout the 
TFIMC (Hervé et al., 2010a; Chapter III). This is represented by high-grade Permian 
metamorphism (Hervé et al., 2010a) and late Permian magmatic activity (Chapter III). 
A more detailed study of the nature of the TFIMC is therefore important in order to test 
the different hypotheses and tectonic correlations. Unfortunately, the TFIMC does not 
crop out at the surface and is only accessible through drill core samples. 
 
Zircon is a robust refractory mineral in igneous and metamorphic rocks and occurs 
abundantly in the TFIMC. For magmatic systems, zircon is suitable for obtaining 
primary information on the timing and petrogenetic evolution of the magmas from 
which it crystallised (e.g. Valley et al., 2005; Hawkesworth and Kemp, 2006; Kemp et 
al., 2007; 2009; Muñoz et al., 2012). Zircon has been used as a reliable geochronometer 
in highly metamorphosed rocks, recording different stages of metamorphism and as a 
means of decoding the processes of zircon growth (e.g. Bingen et al., 2001; Hermann 
and Rubatto, 2003; Bingen et al., 2004; Geisler et al., 2007; Harley et al., 2007; Gerdes 
and Zeh, 2009; Chen et al., 2010; Chen et al., 2011; Li et al., 2013; Zeh and Gerdes, 
2014). It has also been shown that the Ti content in zircon records the temperature at 
which it crystallised (Watson et al., 2006; Ferry and Watson, 2007; Harrison et al., 
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2007; Fu et al., 2008). This chapter presents a detailed study of zircon, including U-Pb 
geochronology, REE+Y+Ti, and O-Hf isotopic data of samples from the TFIMC in 
order to clarify its timing and evolution. The data are discussed in relation to probable 
contemporaneous events that occurred in the wider Gondwana margin in order to 
examine proposed correlations. 
 
4.2 Geological Setting 
 
The southern tip of South America is broadly divided in five tectonic provinces 
(Klepeis, 1994) (Fig. 4.1): (1) the late Jurassic to Neogene South Patagonian batholith 
(Hervé et al., 2007), (2) the late Jurassic to early Cretaceous Rocas Verdes Basin 
(Dalziel, 1981; Fildani and Hessler, 2005; Calderón et al., 2007; Klepeis et al., 2010), 
(3) the Mesozoic to Cenozoic Magallanes fold and thrust belt (e.g. Menichetti et al., 
2008; Poblete et al., 2014), (4) the Mesozoic to Cenozoic Magallanes foreland basin 
(e.g. Fildani et al., 2003; Barbeau et al., 2009), and (5) the metamorphic core of the 
Cordillera Darwin (e.g. Kohn et al., 1995; Hervé et al., 2010b). 
 
The Magallanes foreland basin extends over most of Tierra del Fuego and the adjoining 
mainland areas (Fig. 4.1). It was formed due to Cretaceous−Neogene crustal shortening, 
which closed the Rocas Verdes basin and created the Magallanes fold and thrust belt 
(Klepeis et al., 2010 and references therein). The basement of this basin (the TFIMC) 
includes foliated gneiss and amphibolite with an early Cambrian protolith age (Söllner 
et al., 2000; Pankhurst et al., 2003; Hervé et al., 2010a,b), affected by high-grade 
metamorphism at ca. 265 Ma (Hervé et al., 2010a), and post-orogenic late Permian 
granites (Chapter III). The TFIMC is unconformably overlain by the Tobífera 
Formation, which represents subaqueous pyroclastic flows, tuff and rhyolites formed 
during extension associated with the Jurassic break-up of Gondwana (Pankhurst et al., 
1998, 2000; Riley and Leat, 1999). Based on pressure determinations, Hervé et al. 
(2010a) suggested that at least 8 to 10 km of cover rocks were removed between the 
high-grade Permian metamorphic episode and the unconformable deposition of the 
Tobífera Formation in Middle to late Jurassic times. 
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Figure 4.1 (A) General geological setting of southern Patagonia modified from Poblete et al. 
(2014) and reference therein. RVB is the Rocas Verdes Basin. (B) Location of oil exploration 
drill-holes from which the samples were taken (for this and other studies). For more information 
about samples see Table 4.1. 
!
4.3 Samples and Methods 
 
Samples analysed for this zircon study were obtained from the lowest parts of drill cores 
from the Magallanes basin (Fig. 4.1). A summary of all U-Pb zircon data, both 
previously published and presented here, is given in Table 4.1. For this study, two new 
metamorphic samples, POSXE26-2070 and CEOXE1-1995, were selected for U-Pb 
zircon dating, REE+Y+Ti elemental concentrations and O-Hf isotopic analyses. Sample 
LM1, a Cambrian amphibolite previously dated by Hervé et al. (2010b), was selected 
for zircon O-Hf isotopic studies due to its mafic characteristics and to compare with the 
more felsic sample CEOXE1-1995. Permian samples CAT50-1905 and COR1-1757, 
previously dated and analysed for O-Hf isotopes in Chapter III, were selected for 
REE+Y+Ti for comparison with the Permian metamorphic zircons. 
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Table 4.1 Summary of zircon isotopic studies of samples from the TFIMC. (1) Chapter III; (2) 
Hervé et al. (2010a); (3) Pankhurst et al. (2003); (4)! Hervé et al. (2010b); (5) Söllner et al., 
(2000). 
Sample Description Location U-Pb age  
±2σ (Ma) 
δ18O 
(‰) 
Initial 
εHf 
Inheritance (Ma) 
    Latitude Longitude        
CAT50-1905(1) Biotite Granodiorite -52.663641° -68.612822° 254.4±2.6 7.34 to 12.31 
-4.45 to 
-8.21 ca. 470, 520-540, 960 
COR1-1757(1) Biotite Granite -52.782645° -68.690408° 254.4±2.6 7.32 to 8.82 
-3.92 to 
-7.48 ca. 520-580 
ME9-2025(1) Biotite Granodiorite -52.812583° -68.719898° 257.5±2.8 8.11 to 9.04 
-3.66 to 
-7.28 ca. 510-660 
POSXE26-2070 Banded biotite paragneiss -52.288101° -69.035582° 250-280* 
9.53 to 
11.01 
-8.81 to 
-11.67 
ca. 525, 590-650, 950-
1070, 1850 
PB1 137 M2(2) 
Cordierite-
sillimanite-garnet 
gneiss 
-52.615930° -69.545550° 268±2*   ca. 500-550 
GN6 2273 M1(2) Banded biotite orthogneiss -53.209030° -68.729508° 523±6   - 
CEOXE1-1995 Granitic orthogneiss -52.457496° -68.625937° 524±9 6.77 to 7.48 
-0.55 to 
-3.76 - 
A2 518 M4(2) Augen gneiss -53.173206° -68.643260° 523±7   - 
PAT.070.10(3) Foliated quartz-biotite diorite -53.209030° -68.729508° 523±5   - 
LM1(4) Foliated amphibolite -53.795178° -68.849585° 527±5 6.97 to 7.37 
+1.16 to 
-1.25 - 
MGA T22(5) Foliated quartz-biotite diorite -53.209030° -68.729508° 529±8
#   - 
LM2(4) Granitic orthogneiss -53.776520° -68.846448° 537±3   - 
ME2 1619 M2(2) Breccia of banded gneiss -52.849100° -68.661588° 538±6   - 
MA20 1011 M2(2) Migmatitic granitoid -52.191304° -69.535276° -   
ca. 525, 560-650, 950-
1100 
 
Zircons were separated using standard crushing, hydraulic, magnetic and heavy liquid 
procedures and then were cast in epoxy mounts with Temora 2 (Black et al., 2003, 
2004) and FC1 (Paces and Miller, 1993) reference zircons. The mounts were polished to 
about halfway through the zircon grains and were photographed under an optical 
microscope using transmitted and reflected light. The internal structures of zircons were 
imaged by cathodoluminescence (CL) using a Scanning Electron Microscope (SEM). 
The U-Pb isotopic compositions were measured using a Sensitive High-Resolution Ion 
Microprobe (SHRIMP II) following routine methods (Williams, 1998). After the U-Pb 
analyses, all spots were removed by polishing and when necessary, older sample 
mounts were combined into megamounts to include new reference zircon grains (Ickert 
et al., 2008). O isotope compositions were measured using SHRIMP II ion microprobe 
following similar procedures as described by Ickert et al. (2008). The O isotopic ratios 
and calculated δ18OVSMOW values have been normalised relative to an FC1 weighted 
mean value of 5.61 ‰ (Fu et al., 2015). 
 
The REE contents were determined using the SHRIMP RG ion microprobe with a spot 
diameter of ~25 µm and 1−2µm depth. An energy filtering method was used to reduce 
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isobaric interferences (Ireland and Wlotzka, 1992). Operating conditions and data 
reduction methods are similar to those described by Hoskin (1998). Ti concentrations 
were measured in the same SHRIMP RG session, following methods similar to those 
described by Hiess et al. (2008). Temperatures were estimated using the Ti‐in‐zircon 
thermometer equations of Ferry and Watson (2007) whose calibration assumes 
crystallisation under rutile- and quartz‐saturated conditions (aTiO2 = 1 and aSiO2 = 1). If 
aTiO2 < 1 during zircon crystallisation, then the calculated temperatures are 
underestimated and since rutile has not been observed in my samples an aTiO2 = 0.6 was 
used for the calculations (in agreement with the general occurrence of other Fe-Ti 
oxides). 
 
Lu-Hf analyses were the last of the analytical procedures, using a Neptune MC-ICPMS 
coupled with HelEx 193 mn ArF Excimer laser ablation system (Eggins et al., 2005). 
Initial 176Hf/177Hf ratios were calculated using the U-Pb crystallisation age of each grain 
and results are expressed as initial εHf values. All these measurements were carried out 
in the same dated spot position within each zircon and conducted at the Research 
School of Earth Sciences, The Australian National University. Detailed analytical 
techniques for the O and Lu-Hf isotopic analyses are given in Chapter III. 
 
Further information regarding corrections and the reproducibility of reference zircons 
used during different analytical sessions are available in Electronic Appendix 1, 2 and 
3: CHAPTER IV. Samples POSXE26-2070 and CEOXE1-1995 were analysed for O 
isotopic compositions together with samples presented in the O-analytical session 4 of 
Chapter III; reproducibility of FC1 δ18O value (or sport-to-spot precision) for this 
session was 0.38 ‰ (2σ uncertainty). Reproducibility of FC1 δ18O value during 
measurement of sample LM1 was 0.33 ‰ (2σ uncertainty) and this error has been 
added in quadrature to the individual within-run error. As a secondary reference 
material, Temora 2 zircons were analysed during the same analytical session and gave a 
δ18O value of 8.3 ‰, in agreement with data reported by Ickert et al. (2008). Hf isotopes 
for the zircon samples POSXE26-2070 and CEOXE1-1995 were analysed in Hf-
analytical session 3 of Chapter III. To assess data quality, several reference zircons 
were measured for Lu-Hf analyses, and that data are presented in Chapter III (for 
samples POSXE26-2070 and CEOXE1-1995) and Electronic Appendix 2: CHAPTER 
IV (for sample LM1). 
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4.4 Results 
 
The orthogneiss sample CEOXE1‐1995 contains prismatic zircons, 100−350 µm in 
length. They are pale pink to brown with some apatite inclusions. CL images show that 
most of the grains have oscillatory internal zoning, particularly near grain margins, with 
little evidence for inherited cores or metamorphic rims (Figs. 4.2, K–O). These zircons 
have Th/U ratios ranging from 0.25 to 1.0, with Th and U contents of 75−695 and 
220−700 ppm, respectively (Fig. 4.4). The 20 spots analysed record a dispersed range of 
Cambrian 206Pb/238U ages, but the radiogenic 207Pb/206Pb ratios are uniform and 19 have 
a weighted mean age of 523 ± 9 Ma (mean square of weighted deviates [MSWD] = 
1.04). The least radiogenic point (#5.1, Electronic Appendix 1: CHAPTER IV) can be 
reconciled by forcing a Discordia through a lower intercept in the Wetherill plot at 268 
± 2 Ma, the age of Permian metamorphism dated by Hervé et al (2010a) – see Table 4.1; 
the upper intercept is 528 ±17 Ma (Fig. 4.3). This is consistent with dispersion in 
206Pb/238U ages arising from radiogenic Pb loss during the Permian event. 
 
 
Figure 4.2 Representative CL images of metamorphic and igneous zircons from samples 
POSXE26-2070 and CEOXE1-1995, respectively. For the U-Pb ages, O, Lu-Hf and REE+Ti 
data for each spot see!Electronic Appendix 1 and 2: CHAPTER IV and Table 4.2. 
 
Paragneiss sample POSXE26‐2070 contains pale brown, subhedral, sometimes elongate 
zircon grains, typically 100−300 µm in length. CL images show the development of thin 
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rims enclosing discrete cores with variable internal zoning, including oscillatory, 
concentric, sector, and patchy zoning (Figs. 4.2, A−J). The zircon rims have very low 
Th (0.5−3.3 ppm) and a moderate U (115−675 ppm) concentrations, with Th/U ratios ≤ 
0.01 (Fig. 4.4), a feature that is common for metamorphic zircons (Rubatto, 2002). The 
206Pb/238U ages do not form a single grouping but range from ca. 245 to ca. 285 Ma, 
overlapping the above-mentioned metamorphic zircon age of 268 ± 2 Ma for a biotite-
bearing cordierite-sillimanite-garnet gneiss reported by Hervé et al. (2010a). The 
inherited cores comprise more than the 80% of the grain volumes, and internal zones are 
truncated with a thin bright CL layer that is embayed in some grains. The Th/U ratios 
for these areas range from 0.15 to 1.68, with Th and U concentrations of 5−530 and 
30−915 ppm, respectively (Fig. 4.4). The age spectra for the cores are plotted in Figure 
4.3, highlighting age clusters in the late Neoproterozoic to early Cambrian (ca. 640−590 
Ma and 526 Ma), late Mesoproterozoic to early Neoproterozoic (ca. 1070−950 Ma), and 
a minor late Palaeoproterozoic contribution (ca. 2080−1850 Ma). 
 
 
Figure 4.3 Tera-Wasserburg concordia (left-hand figures), relative probability density (right-
hand figures; black lines) and kernel density estimator (right-hand figure; red line) plots of 
SHRIMP U-Pb zircon data. Location of samples is shown in Fig. 4.1; data are presented in 
Electronic Appendix 1: CHAPTER IV. Inset concordia plots show the older detrital inheritance 
of sample POSXE26-2070 and the best estimate for crystallisation age of sample CEOXE1-
1995. The latter plot shows inferred radiogenic Pb loss during the Permian event based on a 
forced intercept at 268 ± 2 Ma (see text). Error ellipses are plotted at the 2 sigma level. 
 
!
73 
 
Figure 4.4 Th versus U plots showing data for Cambrian zircons (top figure) and Permian 
zircons (bottom figure) from the analysed samples. Lines represent Th/U ratios, in order to 
show differences between metamorphic and igneous zircons. Data are given in the Electronic 
Appendix 1: CHAPTER IV and from (1) Hervé et al. (2010b), (2) Hervé et al. (2010a), and (3) 
Chapter III. 
 
The O and Hf isotope compositions of Cambrian zircon from samples CEOXE1-1995 
and LM1 are similar (Table 4.1, Fig. 4.5). They yield zircon δ18O values in the range 6.8 
to 7.5‰ and 7.0 to 7.4‰ respectively, with initial εHf values of ‐0.6 to ‐3.8 and +1.2 to -
1.6, respectively. In contrast, the Permian metamorphic zircon rims of sample 
POSXE26‐2070 have δ18O values of 9.5 to 11.0 ‰ and initial εHf values of ‐8.8 to ‐11.7 
(Fig. 4.5). The δ18O values of the inherited cores range from 8.8 to 9.4‰ (3 grains of 
early Cambrian to late Neoproterozoic age), from 5.4 to 9.1 ‰ (6 grains of early 
Neoproterozoic to late Mesoproterozoic age), and from 5.3 to 6.9 ‰ (2 grains of early 
Palaeoproterozoic age). 
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The zircon REE and Ti concentrations are presented in Table 4.2 and Figure 4.6. 
Chondrite-normalised REE patterns of Cambrian zircon (sample CEOXE1-1995) show 
enrichment in HREE, a positive Ce anomaly and a slight negative Eu anomaly (Fig. 
4.6). Similar patterns are shown for the late Permian igneous zircons (samples CAT50-
1905 and COR1-1957) and for the cores in samples POSXE26-2070, CAT50-1905 and 
COR1-1957. The Permian metamorphic zircon domains from sample POSXE26-2070 
have markedly different patterns with lower REE contents (especially LREE) and a 
smaller Ce anomaly (Fig. 4.6). Ti concentrations in the igneous Cambrian zircons range 
from 6.9 to 15 ppm, corresponding to calculated temperatures of 760−840°C. Ti 
concentrations are lower for the Permian zircons, ranging between 2.1 and 5.0 ppm 
(temperatures of 655 to 730°C) for igneous zircons and between 1.5 and 2.8 ppm 
(temperatures of 630 to 680°C) for metamorphic ones. 
 
 
Figure 4.5 U-Pb zircon ages versus δ18O (top figure) and initial εHf (bottom figure). Data are 
given in the Electronic Appendix 2: CHAPTER IV and from (1) Chapter III. The mantle zircon 
δ18O value is from Valley et al. (2005). New crust in εHf space is from Dhuime et al. (2011). 
Error bars are indicated at the 2 sigma level. 
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Figure 4.6 Chondrite-normalised REE patterns for zircons from the TFIMC. Normalisation 
values are from McDonough and Sun (1995) and data are presented in Table 4.2. 
 
4.5 Discussion 
 
The two main events recognised in the TFIMC – Cambrian and Permian – are 
confirmed by the new data. 
 
4.5.1 Duration, nature and evolution of the Cambrian magmatism in 
Tierra del Fuego 
 
The U-Pb zircon data for orthogneiss CEOXE1-1995 indicate igneous crystallisation at 
523 ± 9 Ma. These Cambrian zircons show simple CL zoning, which together with 
Th/U ratios and the REE patterns confirm their magmatic origin (Figs. 4.4 and 4.6). 
There is some dispersion in the U-Pb data, shown in Figure 4.3, and this is interpreted 
as due to radiogenic Pb loss during the Permian event. This result falls within the 
published range of Cambrian crystallisation ages from the Magallanes Basin basement 
of 520−540 Ma (Table 4.1). The range is somewhat greater than the 2-sigma 
uncertainties, and this implies that more than one magmatic pulse may have occurred. 
Nevertheless, there is a numerical bias towards the median value of ca. 525 Ma, which 
would appear to be the dominant magmatic event. 
 
The Cambrian zircons analysed herein have δ18O compositions higher than those in 
equilibrium with mantle or juvenile lower crust (5.3 ± 0.6‰, Valley et al., 2005) and 
therefore reflect some reworking of 18O-rich upper crustal material. Despite observed 
mineralogical differences between the two samples (granitic orthogneiss and 
amphibolite), all the zircons share similar O-Hf isotopic compositions (Fig. 4.5): in 
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particular the range in O isotopic compositions is uniform for both units (all data within 
error of ~0.4‰). The initial εHf values range from +1.2 to -3.8 indicating the presence 
of relatively unradiogenic Hf that is also indicative of some crustal contamination. 
Crystallisation temperatures calculated by the Ti-in-zircon thermometer (Table 4.2) 
range from 760 to 840°C; however, the absence of older inherited components suggests 
that this magma was initially zircon-undersaturated and therefore that magma 
generation occurred above zirconium saturation temperatures. Even though the Ti-in-
zircon thermometer may record the crystallisation temperatures of the Cambrian zircon, 
they probably underestimate that of the parental melt (Hiess et al., 2008). This, along 
with the uniform isotopic compositions, suggests hybridisation of the source region and 
discrete assimilation of metasediment-derived melts, which probably occurred early in 
the evolution of the magma chamber. 
 
4.5.2 Pre-Permian sedimentation in Tierra del Fuego 
 
Inherited zircon cores in sample POXSE26-2070 yield a wide range of U-Pb dates (Fig. 
4.3) and they are interpreted as remnant detrital zircon grains from a sedimentary 
protolith. The youngest detrital cores place an upper limit on the deposition age of the 
sediment. However, a firm maximum limit is imposed by the age of the metamorphic 
overgrowths. A single core in sample POXSE26-2070 dated at 526 ± 7Ma (Fig. 4.3) 
may have been affected by radiogenic Pb loss, but agrees with the two youngest 
concordant grains of ca. 525 Ma reported by Hervé et al. (2010a) for a migmatitic 
granite from a metasedimentary protolith. The youngest inherited cores within Permian 
igneous zircons yield Devonian dates (2 cores in sample ME9-2025; Chapter III), but 
the areas analysed may have suffered radiogenic Pb loss as can be inferred from the 
array on the Tera-Wasserburg plot. Concordant ages of ca. 465 and 480 Ma (2 cores in 
samples ME9-2025 and CAT50-1905 reported in Chapter III) may suggest that pre-
Permian sedimentation in Tierra del Fuego occurred at least until Ordovician times, 
although the paucity of such evidence leaves open, for the present, the possibility that 
some of the metasediments are older than the Cambrian magmatism, to which they 
could have been the host rock. 
 
Inherited zircon cores provide direct evidence for the possible provenance of the pre-
Permian protolith sediments. The age components show a range of late Neoproterozoic, 
early Neoproterozoic to late Mesoproterozoic, and scarce Palaeoproterozoic zircon 
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grains (Fig. 4.3). Such detrital zircon age spectra are commonly observed in the 
orogenic evolution of the Gondwana margin and reflect Brasiliano/Pan-African input 
(related to the late Neoproterozoic−Cambrian assembly of Gondwana) and Grenvillian 
(related to the late Mesoproterozoic assembly of Rodinia). These ages are in agreement 
with U-Pb zircon dating of a migmatitic gneiss analysed by Hervé et al. (2010a) with 
inherited zircon grains recording age peaks at ca. 1100−950 Ma and 650−560 Ma. 
Detrital late Neoproterozoic cores analysed in this study are igneous in origin (based on 
internal CL structures, Th/U ratios and REE patterns, Figs. 4.2, 4.4 and 4.6) and have 
O-Hf signatures reflecting reworking of upper crustal materials. Detrital cores of late 
Mesoproterozoic age are also interpreted as igneous and have variable δ18O but positive 
initial εHf values (Fig. 4.5), which indicates a source of relatively juvenile crust, with 
different levels of upper crustal contamination.  
 
The essentially bimodal detrital zircon pattern of the paragneiss samples, with peaks at 
ca. 1000 and 600 Ma, is similar to the bimodal detrital pattern of other late 
Neoproterozoic−Cambrian metasedimentary rocks along the palaeo-Pacific margin; e.g. 
the pre- and syn-early Cambrian Pampean deformation metasedimentary rocks of the 
Eastern Sierras Pampeanas and northwestern Argentina (Rapela et al., 2016), the Nama 
Group and Saldania belt in South Africa (Blanco et al., 2011; Frimmel et al., 2013; 
Naidoo et al., 2013), the upper Heritage Group in the Ellsworth Mountains (Flowerdew 
et al., 2007; Chapter VI), and the Hannah Ridge Formation in the Pensacola Mountains 
(Rowell et al., 2001; Goodge et al., 2004). The resemblance to the pre- and syn-
Pampean Eastern Sierras Pampeanas, the Nama Group and Saldania belt is remarkable; 
not only are the major peaks the same, but the ca. 1850 Ma minor peak is also similar. 
Sources of ca. 1850 Ma age are found in the Tandilia belt in South America (Cingolani, 
2010), the Kalahari craton in Southern Africa (Jacobs et al., 2008b), and the Shackleton 
Range in Antarctica (Will et al., 2010). Granitoid clasts in glacial catchments draining 
central East Antarctica have also zircons of this age (Goodge et al., 2017). This 
secondary age component has not been recorded in late Neoproterozoic−Cambrian 
samples from the Ellsworth Mountains, the Pensacola Mountains, and Queen Maud 
Land in Antarctica, but in metasedimentary rocks in eastern Uruguay and the Gariep 
belt in Namibia/South Africa (Basei et al., 2005). These characteristics indicate that 
Palaeoproterozoic rocks in the Shackleton Range were not exposed during the late 
Neoproterozoic−Cambrian and probable sources for the ca. 1850 Ma detrital zircons are 
located in the Tandilia belt and Kalahari craton. 
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The patterns of pre- and syn-Pampean metasedimentary rocks contrast strongly with 
those of middle Cambrian−lower Ordovician post-Pampean metasediments, which are 
swamped by Cambrian detritus from the recently exposed igneous rocks. Such detrital 
components are common all along the Terra Australis orogen of south West Gondwana 
(Rapela et al., 2016). Thus pre-Permian metasedimentary rocks in Tierra del Fuego are 
equivalent to the pre- and syn-Pampean metasedimentary rocks and represent the further 
continuation of the Pampean orogenic belt from the Sierras Pampeanas. The probable 
potential sources are the Mesoproterozoic rocks of the Namaqua–Natal belt, southern 
Kalahari craton and the Brasiliano/Pan-African granites of southern Africa and 
southeast Brazil and Uruguay (Rapela et al., 2016). This also implies that Patagonia was 
on the extended South American margin in the late Neoproterozoic−Cambrian.  
 
4.5.3 The Permian metamorphic and magmatic event in Tierra del 
Fuego 
 
The Permian zircon rims in sample POSXE26-2070 are interpreted as metamorphic in 
origin on the basis of textural (CL structures) and chemical characteristics. They clearly 
differ from the inherited zircon cores and also of other igneous zircon samples analysed 
in this study (Figs. 4.2, 4.4 and 4.6). As discussed above, the U-Pb data for the 
orthogneiss CEOXE1-1995 is interpreted as suggesting that Permian radiogenic Pb loss 
affected the Cambrian zircon (Fig. 4.3). A late Palaeozoic heating was previously 
identified by K-Ar dating of biotite crystals from several gneisses of the TFIMC 
(Söllner et al., 2000; Hervé et al., 2010a) and is considered to be a widespread reginal 
event. Further, Söllner et al. (2000) recognised a second disturbance in the zircon U-Pb 
systematics during the Jurassic (161.6 ± 4.5 Ma), on the basis of Sr isotopes in K-
feldspar and apatite, and U-Pb analyses of K-feldspar in the same granodioritic gneiss. 
However, this Jurassic thermal overprint is not as clear or as widespread as that 
recorded by K-Ar biotite dating for several samples ranging between ca. 230 and 265 
Ma (Hervé et al., 2010a and references therein). SHRIMP U-Pb zircon dating by Hervé 
et al. (2010a) gave a 206Pb/238U age of 268 ± 2 Ma for metamorphic zircons from a 
biotite-bearing cordierite-sillimanite-garnet gneiss (Table 4.1), which seems to be the 
most robust age thus far for the timing of the metamorphism. 
 
The Permian metamorphic overgrowths are characterised by lower ΣREE, lower Hf 
content, lower Th+U, smaller or absent negative Eu anomaly, higher δ18O and more 
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negative initial εHf (all with respect to the igneous inherited cores and Permian 
magmatic rims, Figs. 4.2, 4.3, 4.4, 4.5 and 4.6). The low Th/U ratio of the metamorphic 
overgrowths (Fig. 4.4) is a common but not universal feature of metamorphic zircon and 
is related to the availability of Th and U at the time of zircon crystallisation (e.g. Harley 
et al., 2007; Lopez-Sanchez et al., 2016). This availability is dependent on bulk rock 
composition and also the concurrent formation of U- and Th-rich phases such as 
monazite or allanite. Chondrite-normalised REE patterns for the inherited magmatic 
domains are enriched in HREE with pronounced negative Eu anomalies (Fig. 4.6). In 
contrast, the overgrowth domains are depleted in HREE, have much flatter REE 
patterns and no pronounced Eu anomaly (Table 4.2 and Fig. 4.6). The absence of Eu 
anomaly could be an indicator of eclogite-facies zircon, which will generally form in the 
absence of feldspar (Rubatto, 2002; Rubatto and Hermann, 2003). However, the Eu and 
Ce anomalies can also be considered as indicators of the redox states of the fluids, melt 
and magma (e.g. Bingen et al., 2004; Li et al., 2013). HREE depletion is normally 
attributed to the effect of concurrent formation of garnet (Rubatto, 2002). Ti 
concentrations in the overgrowths indicate that they formed at temperatures of ~655°C, 
which suggests that these zircon rims formed in the presence of hydrous fluids (Chen et 
al., 2010; Li et al., 2013). Hydrous fluids are believed to be able to transport only lower 
amounts LREE, U and Th (Chen et al., 2010 and references therein), but recent studies 
suggest that under amphibolite facies, they can transport HFSE elements like Zr, Hf, U 
and Th (Zeh et al., 2010; Zeh and Gerdes, 2014). 
 
Zircon O-Hf isotopes can be used as tracers for the source of the hydrous fluids, which 
could have been either of internal or external origin. The zircon cores in sample 
POSXE26-2070 have variable δ18O values ranging from ~5.3 to 9.3‰. In contrast, the 
δ18O values for the metamorphic overgrowths are all high, ranging from ~9.5 to 11.0‰, 
with an average value of 10.5‰ (standard deviation of 0.4‰). The fact that all 
metamorphic overgrowths yield the same δ18O values and 176Hf/177Hf ratios (within 
error), with no correlation with the values in the inherited magmatic cores, excludes the 
possibility of metamorphic overgrowth formation by a pseudomorphic (in-situ) 
dissolution/re-precipitation process. Instead, they indicate that these new domains 
crystallised from homogenous fluids of external origin. The shift to isotopically heavier 
oxygen compositions requires contribution from sediment-derived fluids that could be 
derived from dehydration of minerals with the higher δ18O signature from the same or a 
different sedimentary protolith (or weathered rock). In terms of Lu-Hf isotopes, the 
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metamorphic overgrowths yield lower 176Lu/177Hf and similar or slightly lower 
176Hf/177Hf ratios than the zircon cores (Fig. 4.7). The low 176Lu/177Hf composition of 
the zircon overgrowths, as well as the generally low Lu/Hf and Yb/Hf ratios (Fig. 4.7, 
Table 4.2), require their formation in the presence of garnet. In a closed system, the 
breakdown or recrystallisation of REE-rich minerals would result in a higher 176Hf/177Hf 
ratios in any newly formed zircon due to the incorporation of additional 176Hf (formed 
by decay of 176Lu) in the matrix (Zheng et al., 2005; Flowerdew et al., 2006; Gerdes and 
Zeh, 2009; Chen et al., 2010; Zirakparvar, 2015). Therefore, the 176Hf/177Hf ratios 
suggest that the precursors of the new overgrowths were probably pre-existing zircons. 
This would imply dissolution of zircon by hydrous fluids, transport and 
rehomogenisation, and new zircon crystallisation (Zeh et al., 2010; Zeh and Gerdes, 
2014). The fact that the inherited Cambrian cores (and also magmatic zircons from the 
Cambrian samples) have in general higher 176Hf/177Hf ratios than the metamorphic 
overgrowths (Fig. 4.7) implies that the homogenised metamorphic fluid was derived 
from an external source. From the detrital cores analysed in this study, the 176Hf/177Hf 
ratios for the ca. 1000 Ma detrital components are similar to those of the Permian 
metamorphic overgrowths. This suggests that the metasedimentary rock (sample 
POSXE26-2070) was infiltrated by hydrous fluids which had interacted previously with 
the ca. 1000 Ma rocks. 
 
Permian igneous samples from the Magallanes basin dated at ca. 255 Ma (Table 4.1; 
Chapter III) were probably derived by melting of the TFIMC Cambrian rocks. This 
assertion is supported by the similarity of 176Hf/177Hf, 176Lu/177Hf, and δ18O values in 
the Permian and Cambrian igneous zircons (both the inherited and others extracted from 
the Cambrian rocks; Figs. 4.5 and 4.7). Ti concentrations are similar (in sample CAT50-
1905) or lower (in sample COR1-1757) than the Cambrian cores, indicating 
temperatures ranging from ~655 to 730°C (Table 4.2). Chondrite-normalised REE 
patterns for the Permian rims are similar to those of the Cambrian zircons, which is also 
a common pattern for igneous zircons in general (Hoskin and Schaltegger, 2003). 
However, they differ in the intensity of the Ce and Eu anomaly, reported as Ce/Ce* and 
Eu/Eu*, respectively (Fig. 4.6, Table 4.2). High Ce concentrations in zircon may reflect 
oxidising conditions, which allows Ce4+ to readily substitute for Zr4+, whereas depletion 
in Eu contents may reflect the presence of Eu2+ in the melt, i.e. reducing conditions 
(Hoskin and Schaltegger, 2003; Burnham and Berry, 2012; Trail et al., 2012). Note that 
this apparent contradiction has been explained by plagioclase fractionation, which 
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causes depletion of Eu in the magma before or during zircon crystallisation. Therefore, 
the observed features of the REE patterns would be inherited from the Eu-depleted melt 
as well as being influence by the ƒO2 (Trail et al., 2012). According to Burnham and 
Berry (2012) both Ce and Eu anomalies may be produced solely by zircon/melt 
partitioning, which varies systematically with ƒO2, under terrestrial conditions. In 
Permian domains, the Eu anomaly is smaller (corresponding to higher values of 
Eu/Eu*) and the Ce anomaly is higher (Fig. 4.6, Table 4.2). This indicates that the 
crystallisation of the Permian zircon domains occurred under more variable and higher 
ƒO2 compared to those of the Cambrian samples. 
 
 
Figure 4.7 U-Pb zircon ages versus 176Hf/177Hf (top figure) and 176Lu/177Hf ratios (bottom 
figure) for zircons from the TFIMC. Symbols are the same as those used in Figure 4.5 and error 
bars are indicated at the 2 sigma level; in the case of the 176Lu/177Hf ratios the error bars are 
smaller than the symbol. The age of the Grenville Orogen is highlighted in red. Inset panels 
show the relationship between Lu-Hf isotopes for the core and rim of zircons. 
 
4.5.4 Regional correlations 
 
The Cambrian TFIMC is dominated by foliated peraluminous biotite granitoids, 
variably transformed to orthogneisses (Hervé et al., 2010a) during Permian 
metamorphism. These new zircon isotopic data indicate magma source(s) with crustal 
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contributions and suggest that hybridisation of crustal (e.g. sediments) and mantle-
derived components occurred early in magma evolution. This does not support 
correlation with late Cambrian (520−500 Ma) rift-related magmatic rocks in south West 
Gondwana that have juvenile characteristics (e.g. Curtis et al., 1999; Chemale et al., 
2011). The Cambrian rocks of the TFIMC are more probably contemporaneous and 
coeval with the convergent continental margin of the Pampean and Ross orogenic belts 
(Fig. 4.8). A full compilation of U-Pb data in the region is presented in Electronic 
Appendix 4: CHAPTER IV. 
 
The Pampean orogen is an arc-related igneous and metamorphic belt bounded by 
ophiolitic rocks, ranging in age between late Neoproterozoic and early Cambrian 
(Rapela et al., 1998; Ramos et al., 2010). Early Cambrian magmatic rocks ascribed to 
the Pampean crop out widely in the eastern part of the Sierras Pampeanas in Argentina 
(e.g. Iannizzotto et al., 2013) and can be traced further south (Chernicoff et al., 2012) 
into the North Patagonian Massif (Rapalini et al., 2013; Pankhurst et al., 2014). As 
mentioned above, the Pampean orogen is also composed of a Neoproterozoic−Cambrian 
metasedimentary sequence (Escayola et al., 2007; Rapela et al., 2016). Zircon O and Hf 
isotopic data for the Cambrian Tardugno Granodiorite in the North Patagonian Massif 
suggest magmas derived from pre-existing crustal materials (Pankhurst et al., 2014), 
with inheritance at ca. 1800, 1200−1000, and 800−600 Ma. Similar inherited 
components are reported for the Pampean rocks in the Sierras Pampeanas (Chernicoff et 
al., 2012; Iannizzotto et al., 2013; Rapela et al., 2016). A comparison of U-Pb zircon 
ages of igneous rocks and detrital zircon U-Pb components of metasediments (Fig. 4.8) 
suggests strong correlation of the Pampean orogen with the TFIMC, with the major 
crust-forming event at 540−520 Ma. 
 
The Ross orogen, also an arc-related belt (Cawood, 2005; Goodge et al., 2012), has a 
wider range of U-Pb zircon ages from ca. 560 to 480 Ma (Fig. 4.8), but may have been 
initiated even before this based on ca. 590 Ma U-Pb zircon ages for detrital grains and 
glacial clasts (Goodge et al., 2004; 2012). The older ca. 560−510 Ma dates, relating to 
the early syn-tectonic stage of the Ross orogen, overlap with the TFIMC ages (Fig. 4.8) 
but there is a clear discrepancy between the Pampean/TFIMC and the Ross orogenic 
record during the late Cambrian (ca. 510−480 Ma). It is also clear that the younger 
rocks of the Ross orogen are not synchronous with any stage of the Famatinian 
(Ordovician) orogen, nor equivalent rocks in the North Patagonian Massif and the 
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Antarctic Peninsula (Riley et al., 2012). This does not support proposed connection of 
the North Patagonian Massif and the Pensacola Mountains as conjugate margins during 
the early Palaeozoic (Ramos and Naipauer, 2014). 
 
 
Figure 4.8 Comparison of zircon U-Pb chronology for magmatic rocks from South America 
(Tierra del Fuego, the Sierras Pampeanas, the North Patagonian Massif), the Ross orogen of 
East Antarctica and the Saldania belt of South Africa. Rift-related magmatism zircon U-Pb data 
are plotted in black symbols; data for the Ellsworth Mountains are plotted as circles and were 
taken from (1) Chapter VII and (2) Flowerdew et al. (2007). Data for the Sierra de la Ventana 
are plotted as diamonds and were taken from (3) Tohver et al. (2012) and (4) Rapela et al. 
(2003). The U-Pb zircon ages of the A-type granites with juvenile signature are plotted as 
hexagons and were taken from Chemale et al. (2011). Data for Tierra del Fuego were taken 
from Table 4.1 and other data from the compilation presented in Electronic Appendix 4: 
CHAPTER IV. 
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The Saldania belt of South Africa consists of volcano-sedimentary successions and 
several granitic episodes that represent part of the Pan-African orogen (Rozendaal et al., 
1999; Scheepers and Armstrong, 2002). Two granite types represent an older group of 
intrusions (Chemale et al., 2011): S-type (550−525 Ma) followed by I-type (535 Ma). 
U-Pb zircon ages for these rocks appear to correlate well with components of the Ross 
orogen and the TFIMC (Fig. 4.8). Compared to the TFIMC, the Saldania belt S-type 
granites have zircons with similar initial εHf from -8.6 to +1.5, but they record 
inheritance, which ranges in age from 1200 to 570 Ma. However, as noticed by 
Chemale et al. (2011), the granite activity of the Saldania belt is mostly younger than 
the continental collision of south West Gondwana, with a younger group of A-type 
granites (525−510 Ma) recording strong juvenile signatures (whole-rock Sm-Nd data; 
Chemale et al., 2011). Therefore, Chemale et al. (2011) suggest correlation of the 
Saldania Cambrian rocks with the rift-related Cambrian granites of the Sierra de la 
Ventana (Fig. 4.8). The rifting event occurred well after the main metaluminous 
Pampean magmatism of Sierras Pampeanas and the TFIMC, and is consistent with the 
original model of Rapela et al. (2003) for post-Pampean rifting along the Sierra de la 
Ventana − Saldania belt margin. This rifting probably extended to the 
Falkland/Malvinas islands (Thistlewood et al., 1997) and Ellsworth Mountains (Curtis 
et al., 1999; Curtis, 2001). 
 
Thus the Cambrian igneous rocks of Tierra del Fuego should be correlated with the 
early stages of the Ross and Saldania belts and, most closely, with the Pampean granites 
of the Sierras Pampeanas. The Ross and Saldania belts record younger magmatism than 
the Pampean orogen and the TFIMC, but this late Cambrian magmatism is apparently 
related to post-orogenic extension, not to the subduction phase. Late Cambrian syn-
orogenic and late orogenic magmatism in the Ross orogen show more crustal influence 
(Goodge et al., 2014) than in the Saldania belt. 
 
4.5.5 Implication for reconstruction of Southern Patagonia within West 
Gondwana 
 
In recent reconstructions of South West Gondwana, Tierra del Fuego, together with the 
north Scotia Ridge and South Georgia, is usually depicted as a Palaeozoic-age southern 
border to the Deseado Massif. However, Lu-Hf isotopes in the Permian metamorphic 
zircon overgrowths and detrital zircon U-Pb ages (Figs. 4.3 and 4.7) suggest the 
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presence of Mesoproterozoic crust in the area. Recent Re-Os isotopic studies of mantle 
xenoliths from the Desseado Massif also yield Mesoproterozoic formation ages of the 
subcontinental lithospheric mantle (Mundl et al., 2015; Schilling et al., 2017). Similarly, 
mantle xenoliths from the southern tip of Patagonia have Mesoproterozoic to early 
Palaeozoic formation ages (Stern et al., 1999; Schilling et al., 2008). Other 
subcontinental lithospheric mantle domains underlying Patagonia indicate 
Mesoproterozoic to late Palaeoproterozoic (Tres Lagos) and early Palaeoproterozoic 
(Pali Aike) formation ages (Mundl et al., 2015). Based on these Re-Os data, it has been 
suggested that the Deseado Massif may have evolved alongside the Namaqua–Natal belt 
of South Africa (Mundl et al., 2015) or the Falkland/Malvinas islands block during the 
Palaeoproterozoic and Mesoproterozoic (Schilling et al., 2008; 2017). According to 
Schilling et al. (2017), southern Patagonia and the Falkland/Malvinas islands constitute 
a single continental block linked to the Namaqua–Natal belt, whereas Mundl et al. 
(2015) suggest that southern Patagonia has a common origin with crustal sections in the 
Shackleton Range of East Antarctica. Palaezoic continuity between Patagonia and the 
Falkland/Malvinas islands has also been proposed by Ramos et al. (2017) who dispute 
the hypothesis that there was a subsequent separation from a position east of the Cape 
Fold Belt and rotation through 180° in Jurassic times (e.g., Mitchell et al., 1986; Taylor 
and Shaw, 1989). Ramos et al. (2017) claim that, in such unrotated position, provenance 
of Devonian sediments must have been from Patagonia rather than South Africa. 
However, the same authors show a dominant detrital zircon age group of ca. 650–540 
Ma, for which no Patagonian igneous source has been identified, as confirmed by my 
dating of the Magallanes basement. 
 
A connection between the southern core of Laurentia and the newly amalgamated 
Gondwana has been proposed by Dalziel (1997; 2014), who suggested that break-up 
occurred in the Cambrian period. This suggestion is based on rift-related Cambrian 
magmatism in present-day southern Laurentia, the Sierra de la Ventana, southernmost 
Africa and the Ellsworth-Whitmore Mountains crustal block (as noted above, U-Pb 
zircon ages of extension-related rocks of West Gondwana are plotted in Fig. 4.8). In 
Dalziel’s configuration, southern Patagonia is located in the middle of this rifting area 
and therefore the Cambrian rocks of the TFIMC should be either contemporaneous rift-
related or younger subduction-related. However, Cambrian granites in the TFIMC are 
most probably subduction-related – contemporaneous with and/or older than the rift-
related magmatism in southern Gondwana (Fig. 4.8). This clearly does not support any 
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connection of Laurentia with south West Gondwana during the Cambrian, although we 
cannot discard the possibility that such a connection existed in the latest 
Neoproterozoic. If this was a continental arc founded in a rifted margin, then rifting 
should have occurred before ca. 540 Ma, shortly before magmatism in Tierra del Fuego 
commenced. 
 
There are alternative interpretations for this magmatism in Sierra de la Ventana and the 
Ellsworth-Whitmore Mountains. According to Tohver et al. (2012), the Sierra de la 
Ventana magmatism was associated with closure of the Clymene Ocean that separated 
the Amazon craton from the São Francisco and Rio de la Plata cratons. In the Ellsworth-
Whitmore Mountains, this Cambrian magmatism has been associated with extension 
due to escape tectonics after collision of the Australo-Antarctic and West 
Gondwana/Indo-Antarctic plates (Chapter VI). Moreover, recently published U-Pb 
detrital zircon data from the oldest strata in the Ellsworth Mountains suggest that rifting 
in this area might have occurred in the Cryogenian (ca. 670 Ma; Chapter VI), similar to 
the rifting age recorded in the Transantarctic Mountains (Goodge et al., 2002; Cooper et 
al., 2010). 
 
The Cambrian period in south West Gondwana is clearly a complex interval with 
overlapping tectonic events, including collision (Pan-African orogen), subduction 
(Pampean/Ross orogens), and rifting or extensional processes. Figure 4.8 shows that 
subduction-related magmatism in the Pampean and Saldania belts decreased when 
juvenile extensional magmatism in the Ellsworth Mountains and Cape Fold Belt 
commenced. The situation in the Ross orogeny is notably different, with peaks of 
magmatism as late as ca. 510 Ma. In southern South America, magmatism was then re-
activated in the Ordovician, during the Famatinian orogeny, while magmatism in the 
Transantarctic Mountains was decreasing (Fig. 4.8). Ordovician magmatism correlated 
with that of the Famatinian orogen also occurred in the Antarctic Peninsula (Riley et al., 
2012).  
 
The continental crust of southern Patagonia (Deseado Massif and its southern rim) has 
been considered to be an independent parautochthonous terrane that rifted away from 
Gondwana during the Cambrian (Pankhurst et al., 2006). I suggest that Patagonia 
evolved during the Mesoproterozoic alongside the Namaqua–Natal belt of South Africa 
and the Falkland/Malvinas Islands block, but as an extended South America margin in 
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the late Neoproterozoic−Cambrian. As noted above, Cambrian continental extension 
following the final amalgamation of Gondwana occurred in Sierra de la Ventana, 
southernmost Africa, the Falkland/Malvinas islands block and the Ellsworth-Whitmore 
block. This extension occurred after the main metaluminous Pampean magmatism and 
separated Patagonia from the rest of Gondwana along the Sierra de la Ventana – 
Saldania belt margin (Rapela et al., 2003). In the model of Pankhurst et al. (2006), the 
rifted terrane later collided during the middle Carboniferous with the North Patagonian 
Massif, which was already part of Gondwana. As discussed in Chapter III, and based on 
the Permian age of metamorphism in Tierra del Fuego, I suggest that southernmost 
Patagonia collided during the mid to late Permian with the Sierra de la Ventana – 
Saldania belt margin. Metamorphism in Tierra del Fuego at ca. 265 Ma is coincident 
with the onset of deformation in the Cape Fold belt at ca. 275–260 Ma (Hansma et al., 
2016) and the second deformation event in the Sierra de la Ventana (Tohver et al., 
2008). The youngest deformation event in the Cape Fold Belt at ca. 255–245 Ma also 
coincides with the granite magmatism in the TFIMC and may reflect crustal melting in 
a post-tectonic scenario. A recent model, based on seismic data, field mapping and U-
Pb zircon geochronology in eastern Cape Fold Belt, link deformation in the area to 
south-dipping plate subduction (present coordinates) during the Gondwanide orogeny  
(Miller et al., 2016b). If this continental collision occurred, then it would be consistent 
with re-collision very close to the late Cambrian rift, which indeed may never have 
resulted in the opening of an important ocean. 
 
4.6 Conclusions 
 
Zircon U-Pb, Lu-Hf and O isotopic data in combination with REE+Y+Ti analyses 
enable recognition of metamorphic and magmatic zircon growth in the pre-Mesozoic 
basement of the Magallanes basin. These new data lead me to the following 
conclusions: 
 
(1) Cambrian magmatism occurred in the Tierra del Fuego basement between ca. 540 
and 520 Ma, as previously demonstrated (Hervé et al., 2010a). The magmatic 
zircons show 18O-rich upper crustal influence, but hybridisation and 
homogenisation must have occurred early in the magma evolution. 
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(2) Permian magmatism occurred at ca. 255 Ma as indicated in Chapter III. Trace 
element and Ti concentrations confirm the melting of the Cambrian granites during 
the Permian, but crystallisation occurred under more variable and higher ƒO2. 
(3) Permian metamorphism is also confirmed at ca. 265 Ma. The metamorphic origin 
of the investigated zircons is supported by CL-imaging, as well as low REE 
content, Th/U and Lu/Hf ratios. Ti contents, U-Pb, O and Lu-Hf isotopes indicate 
that zircon crystallised from hydrous fluids after open-system homogenisation. Lu-
Hf isotopes in metamorphic overgrowths suggest that the hydrous fluids interacted 
with rocks of ca. 1000 Ma before transport and crystallisation. 
(4) U-Pb ages of inherited detrital zircon cores also indicate provenance of rocks of 
1100–950 Ma, as well as components of 640–590 Ma (and 520 Ma) and 2080–1850 
Ma. The REE, O and Hf isotopes of detrital zircons suggest that they were of a 
magmatic origin. The probable potential sources are the Mesoproterozoic rocks of 
the Namaqua–Natal belt, southern Kalahari craton and the Brasiliano/Pan-African 
granites of southern Africa and southeast Brazil and Uruguay. 
 
The detrital zircon age patterns of pre-Permian metasedimentary rocks from Tierra del 
Fuego are equivalent to those of the pre- and syn-Pampean metasedimentary rocks of 
Sierras Pampeanas. Comparison of the U-Pb zircon crystallisation ages also suggests 
strong similarities between the TFIMC and rocks of the Pampean orogen. Thus they 
represent the further continuation of the Pampean orogenic belt all the way from the 
Sierras Pampeanas to Tierra del Fuego. This also implies that Patagonia was on the 
extended South American margin in the Cambrian. The older rocks of the Saldania and 
Ross orogens are similar in age to the Cambrian rocks of the TFIMC; however, these 
orogenic belts have also younger mid-to-late Cambrian rocks. Magmatic rocks in the 
mid-to-late Cambrian Ross orogen differ from those of similar age in the Sierra de la 
Ventana in Argentina, the Saldania belt in South Africa and the Ellsworth Mountains in 
West Antarctica as the latter group show juvenile rift-related characteristics. I suggest 
that the terrane that rifted from this area of Gondwana was Patagonia, which collided 
again during Guadalupian. Southernmost Patagonia was probably involved in collision 
with southernmost Africa as is recorded by the metamorphism and post-tectonic 
magmatism in Patagonia, synchronous with the stages of deformation observed in the 
Cape Fold Belt. 
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5 Chapter V 
Zircon O and Hf isotope constraints on the genesis of Permian–Triassic magmatic and 
metamorphic rocks in the Antarctic Peninsula and correlations with Patagonia.  
 
Abstract 
 
The Permian–Triassic is a critical period for interpreting and understanding the 
development of West Antarctica and its correlations into southern South America, 
Patagonia. The Antarctic Peninsula preserves isolated outcrops of Permian–Triassic age 
magmatic and metamorphic rocks of granodiorite, orthogneiss, paragneiss and 
migmatites. Outcrops from the eastern margin of the Antarctic Peninsula (Eastern 
Domain) have the strongest affinity with continental Gondwana and have igneous 
zircons with initial εHf values ranging from -2.8 to -21.6, and δ18O from 5.6 to 10.5‰, 
indicating a strong sedimentary influence on the magma source and crustal recycling. 
This is in concert with the extensive inherited zircon components that record older 
Permian, Cambrian and early Neoproterozoic–late Mesoproterozoic ages. U-Pb zircon 
ages for a mid–late Triassic gneiss from the western Antarctic Peninsula (Central 
Domain) record the presence of a Permian protolith with a ca. 222 Ma metamorphic 
zircon overgrowth. These zircon rims have initial εHf values of +1.5 to -0.9 and δ18O of 
4.2 to 5.3‰, similar to those values determined on the cores. This indicates that the new 
zircon crystallised from dissolution of the partly dissolved cores. Our new data indicate 
strong similarities between the Eastern Domain of the Antarctic Peninsula and the 
southern tip of Patagonia. This supports a continuation of both areas, without the need 
for any great degree of overlap. 
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5.1 Introduction 
 
The Antarctic Peninsula (Fig. 5.1) plays an important role understanding the tectonic 
development of the southwest Pacific margin of Gondwana. However, the correlations 
and palaeo-position between the Antarctic Peninsula and other Gondwana margin 
continental blocks, like the southernmost South America (Patagonia), are still uncertain 
(Miller, 2007). Isolated outcrops of Palaeozoic deformed and metamorphosed plutonic 
rocks (Millar et al., 2002; Flowerdew, 2008; Riley et al., 2012), similar to those 
cropping out in northern Patagonia, imply that there might be a significant overlap 
between the Antarctic Peninsula and Patagonia because of the inferred absence of 
Palaeozoic lithologies in southern Patagonia (Riley et al., 2012). Whilst upper 
Palaeozoic–lower Mesozoic metasedimentary rocks (Hyden and Tanner, 1981), which 
represent some of the most extensive outcrops in the Antarctic Peninsula, have strong 
similarities to the metasedimentary rocks in southern Patagonia (Castillo et al., 2015; 
Chapter II). This supports a position parallel to the western flank of Patagonia, without 
the need of a significant overlap between these regions. 
 
In this study, I combine U-Pb geochronology with Lu-Hf and O isotope data for zircons 
from Permian–Triassic igneous and metamorphic rocks from the Antarctic Peninsula. 
The nature of these Permian–Triassic rocks, and how they fit into a more regional 
picture, is not well understood, especially when combined with the recently identified 
late Permian igneous rocks in Tierra del Fuego, southern Patagonia (Chapter III). The 
use of these isotopic systems in zircon crystals allows for a characterisation and 
understanding of the nature of the magma sources that were involved in the genesis of 
these Permian–Triassic magmatic rocks (e.g. Hawkesworth and Kemp, 2006; Kemp et 
al., 2007; 2009). Moreover, this new data allows for comparisons with the Permian–
Triassic detrital zircon components of similar rocks in Patagonia; the latter are the major 
zircon population in the upper Palaeozoic–lower Mesozoic metasedimentary rocks of 
the Antarctic Peninsula and southern Patagonia. Finally, I combine the new information 
with published data to constrain the palaeo-geographic setting of West Gondwana. 
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Figure 5.1 Sketch map of the Antarctic Peninsula showing the interpreted domains, sample 
location and tectonic elements as given in the text. Modified from Vaughan and Storey (2000). 
In Antarctica: AP is the Antarctic Peninsula; EWM is Ellsworth-Whitmore Mountain block; 
MBL is Marie Byrd Land; and TI is Thurston Island. In the Antarctic Peninsula: EPLSZ is the 
Easter Palmer Land Shear Zone; and TPG is the Trinity Peninsula Group. 
 
5.2 Geological Setting 
 
The Antarctic Peninsula is one of the four major crustal blocks that are traditionally 
interpreted as forming West Antarctica (Fig. 5.1). Each of the crustal blocks has 
independent Mesozoic and Cenozoic tectonic histories (Dalziel and Elliot, 1982). 
During the Jurassic break-up of Gondwana, these crustal blocks moved as discrete rigid 
blocks relative to each other and to the East Antarctic craton (Dalziel and Elliot, 1982; 
Dalziel and Lawver, 2001). In the same period, the Antarctic Peninsula separated from 
Patagonia forming the Weddell Sea (Ghidella et al., 2002; König and Jokat, 2006). The 
position of the Antarctic Peninsula, prior to the this break-up, is difficult to constrain 
due to the poorly exposed pre-Jurassic rocks, the difficulty of defining accurate sea 
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floor isochrones older than 83.5 Ma (Ghidella et al., 2002), and the remagnetisation of 
Permian–Triassic and Jurassic rocks in the Antarctic Peninsula (Poblete et al., 2011). 
 
The geology of the Antarctic Peninsula has been interpreted as a consequence of the 
amalgamation of three distinct domains during the mid–Cretaceous (Fig. 5.1): the 
Eastern, Central and Western domains (Vaughan and Storey, 2000). The Eastern 
Domain is considered to represent the continental Gondwana margin and is separated 
from the Central Domain by a major shear zone exposed in the southern Antarctic 
Peninsula. The Central Domain (Fig. 5.1) is dominated by magmatic arc rocks of 
Triassic to mid Cretaceous age (Leat et al., 1995), while the Western Domain might 
represent the accretionary complex of the Central Domain. It is currently unclear 
whether the northern part of the Antarctic Peninsula, known as Graham Land, belongs 
to the Eastern or Central Domain. Burton-Johnson and Riley (2015) have presented a 
more recent revision of the tectonic makeup of the Antarctic Peninsula and favour an in-
situ development of the continental margin. 
 
5.2.1 The basement of the Antarctic Peninsula 
 
The Palaeozoic magmatic record of the Antarctic Peninsula can only be pieced together 
from the isolated outcrops of deformed and metamorphosed plutonic rocks in the 
Eastern and Central Domain (Millar et al., 2002; Wendt et al., 2008; Riley et al., 2012). 
The oldest rocks recorded in this area are Ordovician in age, and these have been 
affected by Permian metamorphism (Riley et al., 2012). Carboniferous metamorphism 
of Devonian igneous protolith, involving partial melting, has been documented at Target 
Hill (Millar et al., 2002). However, this is not interpreted as being a widespread 
representative for the basement of the Antarctic Peninsula (Riley et al., 2012). Permian-
age magmatic rocks crop out in southeastern Graham Land, recording two distinct 
magmatic events at ca. 258–252 Ma and 278–272 Ma (Riley et al., 2012). Similar ages 
have been reported from isolated outcrops from the Central domain (Millar et al., 2002). 
Triassic-age metamorphism and plutonism is restricted to the south of Cabinet Inlet and 
the Central and Eastern Domain (Millar et al., 2002; Riley et al., 2012). 
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5.2.2 Lower Palaeozoic–upper Mesozoic metasedimentary complexes  
 
The pre-Jurassic geology of northern Graham Land is dominated by the Carboniferous–
Triassic age Trinity Peninsula Group (TPG), a metasedimentary sequence that crops out 
for about 500 km across large parts of the northern Antarctic Peninsula (Hyden and 
Tanner, 1981). The sequence is interpreted as a turbidite or debris flow deposit and 
represents the continental margin of Gondwana (Hyden and Tanner, 1981; Vaughan and 
Storey, 2000; Bradshaw et al., 2012; Castillo et al., 2015). Other younger turbiditic 
metasedimentary complexes crop out in the Antarctic Peninsula, particularly in the 
South Shetland Islands (Trouw et al., 1997), namely the Miers Bluff Formation and the 
Cape Wallace Beds (Smellie, 1979). An important feature common to all these 
metasedimentary sequences is that the major detrital zircon population is of Permian 
age (Barbeau et al., 2010; Hervé et al., 2006; Chapter II), and is likely to have been 
sourced directly from the Antarctic Peninsula (Riley et al., 2012) or Patagonia (Chapter 
II, Chapter III). 
 
5.3 Samples and methods 
 
Four igneous and metamorphic samples from the Antarctic Peninsula (Fig. 5.1) were 
selected for this O and Hf isotopic study conducted at the Research School of Earth 
Sciences, the Australian National University. Sample H9.67.1 is a K-feldspar 
megacrystic granodiorite previously analysed by Riley et al. (2012) with a U-Pb zircon 
concordia age of 259 ± 3 Ma. Sample R.814.3 is a granodiorite collected in the Eden 
Glacier, south of Target Hill. Sample R.5257.1 is a mid–late Triassic banded migmatitic 
orthogneiss, which was collected from Mount Eissenger in the Central Domain of the 
Antarctic Peninsula. Sample R.349.2 is a Permian migmatite derived from a paragneiss, 
which was sampled from Adie Inlet. The latter two samples have previously been dated 
using U-Pb zircon (and yielded ages of ca. 225 and 260 Ma, respectively; Millar et al., 
2002) and for Lu-Hf isotopes (Flowerdew et al., 2006). 
 
Although previous authors have examined the samples analysed as part of this study, it 
was considered essential to initiate the process with newly prepared samples. Zircon 
grains were separated using standard crushing, hydraulic, magnetic and heavy liquid 
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procedures. The zircons were cast in epoxy mounts together with Temora (Black et al., 
2003; 2004) and FC1 (Paces and Miller, 1993) reference zircons. The grains were 
photographed under an optical microscope using transmitted and reflected light, and 
their internal structure was imaged by cathodoluminescence (CL) imaged using a 
scanning electron microscope (SEM). Their new U-Pb isotopic compositions were 
measured using SHRIMP II, following standard methods detailed by Williams (1998).  
 
Prior to O-isotope analysis the ablation pits created by U-Pb analysis were removed by 
lightly polishing. O-isotope compositions were measured using SHRIMP II following 
procedures similar to those described by Ickert et al. (2008). The O-isotope ratios and 
calculated δ18OVSMOW values were normalised relative to a weighted mean value of 
5.61‰ (Fu et al., 2015) for the FC1 reference zircon. The reproducibility of the FC1 
δ18O value (or spot-to-spot precision) was 0.33‰ and 0.45‰ (2σ uncertainty) for two 
analytical sessions, and this error has been added in quadrature to the individual within-
run errors. 
 
Hf-isotope compositions were then obtained in the same dated spot using a Neptune 
multicollector inductively-coupled plasma mass-spectrometry (MC-ICPMS) coupled 
with a HelEx 193 nm ArF Excimer laser-ablation system (Eggins et al., 2005). The 
initial 176Hf/177Hf ratios were calculated using the U-Pb crystallisation age of each 
grain/area and results are expressed as initial εHf (εHft). To assess data quality, several 
other reference zircons were analysed as part of the analytical session: 91500, Temora 
2, FC1, Mud Tank, QGNG (Woodhead and Hergt, 2005) and Plešovice (Sláma et al., 
2008). The data is presented in Electronic Appendix 2: CHAPTER V. 
 
5.4 Results 
 
5.4.1 Igneous samples 
 
Zircons from sample H9.67.1 are elongated, prismatic with pyramidal terminations with 
sizes ranging from 80 to 350 µm in length. They are pale brown, but some grains exhibit 
darker cores, and some have inclusions of apatite. Under CL, zircons exhibit 
complicated core and rim structures, with three domains observed (Fig. 5.2): 
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(1) Light-coloured CL thin rims with Th/U ratios of 0.10 to 0.56, which in most of the 
cases have a regular contact with a dark-coloured CL domain. However in some cases 
they cut the zoning of the dark-coloured CL domain. Twelve analyses from 18 grains 
have a weighted mean 206Pb/238U age of 246 ± 2 Ma (mean square of weighted deviates 
[MSWD] = 1.0; 2σ), which is considered to date the last phase of zircon crystallisation 
(Fig. 5.3). These igneous light-coloured CL zircon rims show a range in δ18O from 5.6 
to 10.4 ‰, with εHft values ranging from -4.0 to -7.6 (Fig. 5.4). 
(2) Dark-coloured CL domains with oscillatory zoning are present in all zircons and 
have high U concentrations between ~ 785 and ~ 2215 ppm. They record a broad range 
in 206Pb/238U ages from ca. 250 to 270 Ma; however, some of the areas analysed 
represent mixing with the other CL domains (Fig. 5.3). They have similar or higher 
δ18O values and more negative εHft values than the light-coloured CL rims. 
(3) Cores with variable CL characteristics are present in some zircons and have 
206Pb/238U ages of ca. 290, 580–550, 740 and 780 Ma (Fig. 5.3). With respect to the 
light-coloured CL rims, cores have similar or lower δ18O values and similar to less 
negative εHft values (Fig. 5.4). 
 
Sample R.814.3 contains elongated stubby, prismatic zircons that are between 80 and 
300 µm in length, with several inclusions, mostly of apatite. The grains are pale brown 
and show mostly oscillatory CL zoning (Fig. 5.2). They have U (67–433 ppm) and Th 
(43–419 ppm) concentrations, resulting in Th/U ratios ranging from 0.22 to 1.05. There 
is some scatter in the 206Pb/238U ages, with 22 analysses giving a weighted mean of 252 
± 2 Ma (MSWD = 2.2; 2σ), and this is interpreted as the zircon crystallisation age (Fig. 
5.3). The zircons have δ18O values between 7.0 and 8.4‰, with εHft values ranging 
from -2.8 to -7.4 (Fig. 5.4). A few grains have likely inherited cores, but with similar 
CL characteristics as the rims. These have ages of ca. 260 Ma, with one core having an 
age of ca. 1110 Ma. The Permian cores have similar δ18O values and similar or more 
negative εHft values than the associated younger rims; whilst the single 
Mesoproterozoic core has δ18O and εHft values of 6.1‰ and +2.2, respectively (Fig. 
5.4). 
 
5.4.2 Metamorphic samples 
 
Zircon crystals from sample R.5257.1 are prismatic, elongate, between 80 and 400 µm 
in length. Their colour varies from pale brown to brown; the latter being a common 
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colour for the grains that have inherited rounded cores. Under CL, zircons show 
complicated internal structures with at least three components observed (Fig. 5.2): 
 
 
Figure 5.2 Representative CL images of zircon grains that were used for U-Pb dating, O and Hf 
analyses. Sample H9.67.1: (A) 3.1 dark-coloured CL domain; (B) 2.1 rim light-coloured CL 
domain and 2.3 core; (C) 13.1 dark-coloured CL domain; (D) 14.1 light-coloured CL domain 
and 14.2 core; (E) 21.1 light-coloured CL domain and 21.3 core. Sample R.814.3: (F) 8.1; (G) 
27.1 rim and 27.2 core; (H) 2.1 rim and 2.2 core; (I) 20.1; (J) 13.1. Sample R.5257.1: (K) 2.2 
dark-coloured CL domain; (L) 1.1 dark-coloured CL domain and 1.2 core; (M) 12.1 dark-
coloured CL domain and 12.2 core; (N) 6.1 dark-coloured CL domain; (O) 5.1 dark-coloured 
CL domain. Sample R.349.2: (P) 20.1 core; (Q) 10.1 dark-coloured CL rim and 10.2 core; (R) 
5.1 dark-coloured CL rim and 5.2 core; (S) 1.1 dark-coloured CL rim and 1.2 core; (T) 9.1 dark-
coloured CL rim and 9.2 core. 
 
(1) Moderate to bright-colour CL thin rims. These were not successfully measured in 
this study due to the very thin nature, ≤ 10 µm. Nevertheless, they are considered to 
represent the final stage of zircon growth associated with metamorphism dated at ca. 
202 Ma by Millar et al. (2002). 
(2) Dark-coloured CL domains, which show oscillatory zoning and are present in all 
zircons analysed. The Th/U ratios range from 0.01 to 0.26, but are mostly < 0.04 due to 
the high U values (between ca. 415 to ca. 3055 ppm; with most > 1300 ppm). Twelve 
analyses have a concordia age of 222 ± 2 Ma (Fig. 5.3; MSWD = 0.20; 2σ), which has 
been interpreted by Millar et al. (2002) as dating a separate metamorphic event. 
However, this age can also be interpreted as a late stage partial melt crystallisation, as is 
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evidenced by the high U and the oscillatory zoning. This zircon component has δ18O 
values of 4.2 to 5.3‰ and εHft values that range from +1.5 to -0.9 (Fig. 5.4). 
(3) Inherited cores showing convoluted contacts with the dark-coloured CL domain. 
These cores are not present in all zircon grains analysed and at this time have only been 
measured in a few grains, recording ages of ca. 250 and 440 Ma (Fig. 5.3). The cores 
have similar or lower δ18O values than the dark-coloured CL domains and similar or 
more positive εHft values (Fig. 5.4). 
 
 
Figure 5.3 New SHRIMP U-Pb data for samples from the Antarctic Peninsula in Tera-
Wasserburg concordia plots; error ellipses are at the 2σ level. Location of samples is shown in 
Figure 5.1 and data is presented in Electronic Appendix 1: CHAPTER V. Weighted mean 
206Pb/238U ages are given for the magmatic rims and are considered the best estimates for the 
igneous crystallisation (for samples R.814.3 and H9.67.1) or migmatization (for sample 
R.349.2) events. 
 
Sample R.349.2 contains elongated, prismatic zircons with pyramidal terminations. 
They vary in length from 80 to 350 µm and are pale brown in colour with some 
inclusions of apatite (inclusions are fewer than in the other samples studied). CL images 
reveal that most grains have a core and a dark-coloured CL rim structure, mostly with a 
regular contact, although few zircons show irregular contacts (Fig. 5.2). The rims have 
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high U concentrations, between ~ 910 and 1900 ppm, and low Th concentrations, 
between ~ 9 and ~ 50 ppm, resulting in low Th/U ratios of 0.01 to 0.03. Twelve 
analyses have a weighted mean 206Pb/238U age of 252 ± 2 Ma (Fig. 5.3; MSWD = 1.6; 
2σ), which has been interpreted as the age of migmatization (Millar et al., 2002). The 
zircons have a range in δ18O from 6.4 to 9.7‰ and variable negative εHft, ranging from 
-21.6 to -3.9 (Fig. 5.4). The variably bright-coloured CL cores comprise a significant 
proportion of each zircon, with most showing oscillatory zoning. These cores record a 
dispersed range of 206Pb/238U ages at ca. 410–530, 700–780, 980–1040, and 1930 Ma 
(Fig. 5.3). Compared to the rims, they have similar or lower δ18O values and less 
negative to positive εHft, with the older ones having more positive εHft (Fig. 5.4). 
 
 
Figure 5.4 U-Pb zircon ages (206Pb/238U) versus initial εHf and δ18O values for zircons analysed 
in this study. Error bars are at the 2σ level, although it should be noted that most of these are 
smaller than the actual symbols. The value for zircon with mantle δ18O is from Valley et al. 
(2005). Symbols with black outline indicate the younger overgrowth of zircons measured in this 
study. Open symbols represent older inherited zircons. Inset panels show the relationship 
between δ18O values and 176Hf/177Hft isotopes for core and rims in zircons. Colour fill rectangles 
represent isotopic data of zircons from igneous and metamorphic rocks from Tierra del Fuego 
Island (TFI). Data were taken from Chapter III and Chapter IV. 
 
!
101 
5.5 Discussion 
 
Overall, my new zircon U-Pb data are in broad agreement with ages published by Millar 
et al. (2002). However, my more detailed analysis has also recognised inherited cores of 
late Permian age (ca. 250 Ma) enclosed within the Triassic zircons from sample 
R.5257.1. This sample was previously assumed to have a Silurian protolith (Millar et 
al., 2002). Sample H9.67.1 records a younger crystallisation age of 246 ± 2 Ma 
compared to that of 259 ± 3 Ma reported by Riley et al. (2012). I believe that the older 
age may represent mixing of the light- and dark-coloured CL domains as seen in the 
zircons of this sample. In general, cores of Permian (ca. 250–290 Ma), Silurian (ca. 
420–440 Ma), Cambrian (490–540 Ma), early Neoproterozoic (ca. 700–800 Ma), and 
late Mesoproterozoic ages (ca. 1000–1200 Ma) provide significant age components. All 
these ages were also previously reported in detrital and inherited zircon components in 
the Antarctic Peninsula. However, only Permian and Silurian ages have been previously 
reported for in-situ outcrops in the Antarctic Peninsula (Millar et al., 2002; Riley et al., 
2012). 
 
With the exception of one grain, zircons of the late Permian–early Triassic magmatic 
and migmatitic rocks (samples H9-67.1, R.814.3 and R.349.2) have δ18O values that 
exceed those in equilibrium with mantle or juvenile lower crust (5.3 ± 0.6‰, Valley et 
al., 2005) and therefore reflect reworking of 18O-enriched upper crustal material (Fig. 
5.4). This is in agreement with the presence of older inherited cores, of probable detrital 
origin. The δ18O values for both core and rim components are generally similar, 
indicating reworking of a crust already affected by superficial processes (Fig. 5.4). The 
higher 176Hf/177Hft (t = 250 Ma) in the rims compared to the respective cores (Fig. 5.4) 
indicates that parental melts required an additional input of radiogenic Hf. This could 
either have been derived from a less evolved source or from minerals other than zircon 
that are Lu-richer and therefore contain more radiogenic Hf (Flowerdew et al., 2006). 
 
Sample R.5257.1 contains zircons with δ18O values similar to those in equilibrium with 
the mantle or juvenile lower crust (5.3 ± 0.6‰, Valley et al., 2005), which indicates a 
juvenile input during the Triassic (Fig. 5.4). However, core and rim 176Hf/177Hft (t = 220 
Ma) are indistinguishable (Fig. 5.4), consistent with the Hf budget for the melt being 
controlled by zircon dissolution, with some homogenisation occurring in the melt 
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(Flowerdew et al., 2006). Unlike the results obtained by Flowerdew et al. (2006), the 
recognised late Permian inherited cores of this study contradict the Silurian age that has 
been assumed for the protolith (Millar et al., 2002). These inherited cores have similar 
or lower δ18O values than the Triassic domains, which indicate lower δ18O sources in 
this region. Sample R.5257.1 was collected in the Central Domain of the Antarctic 
Peninsula, which has been interpreted as being an allochthonous terrane and correlated 
to the Median Tectonic Zone of New Zealand and the Amundsen Province of Marie 
Byrd Land (Vaughan and Storey, 2000). However, the allochthony of this part of the 
Antarctic Peninsula is not clear, and alternative autochthonous continental margin 
models have also been proposed (Burton-Johnson and Riley, 2015). My data indicate 
the presence of a different continental crust in this area, perhaps of late Mesoproterozoic 
age (as suggested by Hf model ages of ca. 1100–1200 Ma). 
 
5.5.1 The source of the Permian detrital zircons in the Antarctic 
Peninsula 
 
Permian and Triassic metasedimentary rocks of the Trinity Peninsula Group (TPG) are 
characterised by a dominant signature of Permian detrital zircons with a probable local 
Permian magmatic arc source (Castillo et al., 2015; Chapter II). The northern TPG 
detrital zircons have comparable O and Hf isotopic signatures to the zircons from 
Permian magmatic rocks in the Antarctic Peninsula, but they are slightly older than the 
samples analysed in this study (Fig. 5.5). The southern TPG detrital zircons have a more 
juvenile Permian component, which has not previously been recorded in the Antarctic 
Peninsula (Fig. 5.5). However, sample R.5257.1 has Triassic zircons with similar 
juvenile O and Hf, which may be sourced from dissolution of older Permian zircons. 
This allows for the possibility that other Permian magmatic rocks with similar isotopic 
signatures occurred in the Central Domain of the Antarctic Peninsula. This is consistent 
with the suggestion in Chapter II, who proposed that the main source of the TPG was a 
magmatic arc with a north–south disposition. There are stronger crustal isotopic 
signatures in the northern parts, ranging to more mantle-like isotopic signatures in the 
south, probably reaching into the southern Antarctic Peninsula and Marie Byrd Land. 
 
Late Permian detrital zircons from the Middle Jurassic Cape Wallace Beds in Low 
Island have similar U-Pb, O and Hf isotopic characteristics as the zircons from the late 
Permian igneous rocks in the Antarctic Peninsula (Fig. 5.5). These detrital zircons are 
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igneous in origin, with Th/U ratios (Chapter II) similar to those of sample R.814.3 from 
the Eden Glacier. This suggests that the late Permian–early Triassic granitoids of the 
Antarctic Peninsula were the source for the sediments of the Cape Wallace Beds and 
also indicates that the granitoids and/or extrusive equivalents were exposed to erosion 
during the Middle Jurassic. However, the detrital zircons from the Cape Wallace Beds 
have inherited cores of Cambrian age (Chapter II), which is in contrast to the more 
variable age inheritance of the Antarctic Peninsula granitoids. An alternative source for 
the Cape Wallace Beds sediments is the late Permian granitoids from southern 
Patagonia, specifically Tierra del Fuego Island (Chapter III). 
 
 
Figure 5.5 U-Pb zircon ages (206Pb/238U) versus initial εHf and δ18O values for zircons analysed 
in this study together with Permian and Triassic detrital zircons from the Lower Palaezoic–
Upper Mesozoic metasedimentary complexes in the Antarctic Peninsula. Data for detrital 
zircons were taken from (Chapter II) and are represented by grey diamonds. Other symbols are 
as in Figure 5.3. 
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5.5.2 Correlation with Patagonia 
 
The North Patagonian Massif in northern Patagonia is characterised by extensive 
Permian granitoid magmatism, ranging in age throughout the Permian period and 
extending into the Triassic (Pankhurst et al., 2006; Chernicoff et al., 2013). Based on 
the geographical distribution of late Palaeozoic rocks, Ramos (2008) proposed two 
partially coeval belts: a northern and a western belt. Zircons from Permian and Triassic 
rocks from those belts show different zircon O and Hf isotopic trends (Chapter III). The 
Permian samples from the northern belt have zircons ranging from those with juvenile 
isotopic signatures during the early Permian, to those with crustal isotopic signatures, 
during the late Permian. In contrast, zircons from the western belt are similar to those 
from the rest of the Chilean margin, with crustal signatures in the early Permian, 
towards more juvenile signatures during the late Permian (Chapter III). 
 
A combination of O and Hf isotopic compositions for Permian detrital zircons and 
Permian igneous and migmatitic zircons from the Antarctic Peninsula show broad 
trends when plotted as a function of crystallisation age (Fig. 5.5). This trend is similar to 
the trend of the northern belt of the NPM, with zircon δ18O values changing from 
mantle-like during the early Permian to more crustal-like values during the late Permian 
(Fig. 5.5). This seems to be mirrored by the zircon εHft values, which show more 
positive values in the early Permian, towards negative ones during the late Permian 
(Fig. 5.5). A continuation of the northern belt into the Antarctic Peninsula seems 
unlikely given the significant geographical distance, even in a late Palaeozoic 
reconstruction. However, the strong similarities between recently reported late Permian 
magmatisn in southern Patagonia, in Tierra del Fuego Island (Chapter III), with similar 
O and Hf isotopic characteristics (Fig. 5.4), may indicate that there was a continuation 
of this magmatism towards southern Patagonia and the Antarctic Peninsula. 
 
Riley et al. (2012) suggested that there had been a significant degree of overlap between 
Patagonia and the Antarctic Peninsula on the basis of the possible connection of 
Ordovician-age magmatism in the Antarctic Peninsula with that in northern Patagonia 
(the Famatinian belt; Pankhurst et al., 1998; 2014). Riley et al. (2012) also interpreted 
the absence of reported in-situ evidence for Ordovician magmatism in southern 
Patagonia in support for that proposed great degree of overlap. However, the presence 
of Ordovician detrital zircons and granitic clasts in southern Patagonia (Hervé et al., 
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2010b; Chapter II) may indicate the presence of a proximal Ordovician source, 
probably extending from the Antarctic Peninsula into southern Patagonia. Moreover, the 
similarity in late Permian–early Triassic magmatism and also metamorphism in Tierra 
del Fuego and the Eastern Domain of the Antarctic Peninsula (Fig. 5.4) support a lesser 
degree of overlap. If the Antarctic Peninsula was located west of southern Patagonia, 
this implies Ordovician crust west of Cambrian crust (basement of Tierra del Fuego; 
Söllner et al., 2000; Hervé et al., 2010a), in the same way as the relationship between 
the Pampean and Famatinian belts north of Patagonia. The considerable inherited 
Cambrian zircon component in Permian and Triassic rocks of the Antarctic Peninsula, 
together with the similarity of O and Hf isotopic signatures with those for the Cambrian 
rocks from Tierra del Fuego (Fig. 5.4) may also suggest the proximity or juxtaposition 
of these two areas. 
 
5.6 Conclusions 
  
Zircon O and Hf isotopic compositions for late Permian–early Triassic granitoids and 
migmatitic rocks from the Eastern Domain of the Antarctic Peninsula suggest a 
significant upper crustal contribution to the magmatic source(s). This is in concert with 
the extensive inherited zircon components with Permian, Cambrian and early 
Neoproterozoic–late Mesoproterozoic ages. 
 
U-Pb zircon geochronology for the mid–late Triassic gneiss in the Central Domain of 
the Antarctic Peninsula indicate a Permian protolith for the Mount Eissenger gneiss, 
which is younger than the previously reported Silurian age. The zircon overgrowths in 
this sample have similar O and Hf isotopic compositions as the cores, indicating that the 
new zircon crystallised from the dissolution of the partly dissolved cores. The isotopic 
signatures of the cores and overgrowth indicate a mantle-like to low δ18O source for 
magmas in the Central Domain of the Antarctic Peninsula. 
 
Comparison of my new data with isotopic zircon data of the Permian–Triassic detrital 
zircons in the Antarctic Peninsula and late Permian igneous rocks of southern Patagonia 
indicate strong similarities between the Eastern Domain of the Antarctic Peninsula and 
the southern tip of Patagonia. This supports a continuation of both areas, without the 
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need for a greater degree of overlap. Alternatively, the isotopic signature for the Central 
Domain may suggest the presence of a different continental crust. Other Permian 
igneous rocks from the Central Domain may be the source of the mantle-like zircons in 
the southern Trinity Peninsula Group. 
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6 Chapter VI 
Provenance and age constraints of Palaeozoic siliciclastic rocks from the Ellsworth 
Mountains in West Antarctica, as determined by detrital zircon geochronology 
 
Abstract 
 
New sensitive high-resolution ion microprobe (SHRIMP) U-Pb detrital zircon ages 
from Cambrian to Permian–Carboniferous siliciclastic units in the Ellsworth Mountains 
constrain their provenance and maximum depositional age, as well as providing key 
information as to the tectonic evolution of a problematic region. The Cambrian Heritage 
Group was deposited in an active continental rift setting and has main zircon 
components of late Mesoproterozoic–early Neoproterozoic age (ca. 1300–900 Ma) with 
little to no contributions from older cratons. Two meta-volcaniclastic samples of the 
Union Glacier Formation (lower Heritage Group) have U-Pb zircon ages of ca. 675 Ma 
indicating proximal Cryogenian volcanism, thereby raising questions as to the 
depositional age of this unit. Igneous and metamorphic zircons of late Neoproterozoic–
early Cambrian age (650–530 Ma) are a secondary component in the upper part of this 
group. The passive margin sediments of the overlying upper Cambrian–Devonian 
Crashsite Group record an up-sequence increase in late Neoproterozoic–Cambrian 
detrital zircons (ca. 650–480 Ma). The youngest detrital zircons were dated at ca. 480 
Ma with major peaks at ca. 530 and 500 Ma. Similar patterns are recorded in the 
Permian–Carboniferous Whiteout Conglomerate, with main components at ca. 650–500 
Ma, and an absence of detrital zircons younger than Cambrian. The results, combined 
with stratigraphic constraints, suggest that sediments of the lower Heritage Group were 
derived from the palaeo-Pacific margin of the Australo-Antarctic plate. Cryogenian 
igneous zircon ages from the Union Glacier Formation indicate proximal rift-related 
magmatism, previously only recognised in the Transantarctic Mountains, and are 
interpreted to relate to the break-up of Rodinia. Sediments from the upper Heritage 
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Group were derived from proximal sources, likely in Coats Land and Dronning Maud 
Land, with possible extensions into the Shackleton Range. This area was probably 
uplifted during the final amalgamation of Gondwana, which restricted the supply of 
sediment from older cratons. Sediments from the Crashsite Group allow for a more 
expansive source region, which could have been located in Dronning Maud Land, the 
Shackleton Range, the Transantarctic Mountains and/or Southern Africa. Sediments of 
the Whiteout Conglomerate, together with comparisons with other coeval glaciogenic 
strata, indicate that deposition during the Permian–Carboniferous was similar to that in 
the Transantarctic Mountains. My data support that the Ellsworth-Whitmore Mountains 
crustal block was once part of the Australo-Antarctic plate rather than the southern 
African sector. 
 
6.1 Introduction 
 
The Ellsworth-Whitmore Mountains crustal block (EWM) is one of the most isolated 
fragments that form West Antarctica. The best exposures are in the Ellsworth 
Mountains (Fig. 6.1), where there is an extensive sedimentary record spanning from 
early Cambrian to Permian times. Whilst a number of studies have assessed the 
geological evolution of the EWM (e.g. Webers et al., 1992b; Curtis et al., 1999; Curtis, 
2001; Randall and Mac Niocaill, 2004; Flowerdew et al., 2007), the tectonic history and 
palaeo-geographic significance remain enigmatic (Dalziel, 2007). Several authors have 
suggested that the EWM originated in the palaeo-Pacific margin of Gondwana, in a 
position between southern Africa and Antarctica (e.g. Curtis, 2001; Randall and Mac 
Niocaill, 2004), but the extensive fragmentation and major palaeo-geographic changes, 
that occurred during the Mesozoic break-up of Gondwana, complicate further 
interpretations and palaeo-geographic reconstructions. Notably, palaeomagnetic studies 
indicate that the EWM crustal block experienced major translations and 90° anti-
clockwise rotation during the break-up of Gondwana (Watts and Bramall, 1981; 
Grunow et al., 1987; Randall and Mac Niocaill, 2004). A position next to Antarctica 
would imply that the EWM should have a record of the Cambrian–Ordovician orogeny 
that occurred along the palaeo-Pacific margin of East Gondwana, known as the 
Ross/Delamerian Orogen (Cawood, 2005). However, the EWM lacks evidence for this 
event and deformation appears to be solely restricted to the late Permian–late Triassic 
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(Curtis, 2001). Instead, indications of continental rifting during the Cambrian (Curtis et 
al., 1999), together with stratigraphic similarities, may connect the EWM with the 
southern African sector (Curtis, 2001). 
 
 
Figure 6.1 Sketch map of Antarctica showing the studied area and crustal blocks of West 
Antarctica: AP, Antarctic Peninsula; EWM, Ellsworth-Whitmore Mountains block; MBL, 
Marie Byrd Land; N, Nunatak; TI, Thurston Island. Top right figure is the reconstructed middle 
to late Cambrian palaeo-Pacific Ocean showing the convergent margin orogenies, after Curtis 
(2001). Bottom right figure shows a simplified and extrapolated geological map of the 
Ellsworth Mountains with an inset of a schematic palaeo-current diagram (more details in the 
text), and sample locations (circled numbers): (1) 13EG-01; (2) 13EG-02; (3) EHD2302A; (4) 
PH-10; (5) EHD0801A; (6) 13EG-05; (7) EHD1705A; (8) EA6; (9) EAM1001B; (10) 13EG-
15; (11) 13EG-10. 
 
Several models have been proposed in an attempt to reconcile the apparently 
contradictory Cambrian tectonic scenarios that propose subduction along the palaeo-
Pacific margin of Gondwana and rifting in the South African–EWM sector (e.g. Dalziel, 
1997; Curtis, 2001; Dalziel, 2014). Dalziel (1997) suggested that a promontory of 
Laurentia (the Precambrian nucleus of North America) could have rifted from this 
sector of Gondwana at the end of the Precambrian. On the other hand, Curtis (2001) 
suggested that the EWM could have been situated in a continental extensional setting 
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due to local back-arc extension (with contemporaneous subduction along this sector), or 
to rifting caused by subducted slab capture. According to Curtis (2001), the rift-drift 
transition in the Cape embayment was too young, during the mid- to late Cambrian, to 
support the Dalziel (1997) theory, given the Precambrian–Cambrian boundary age of 
rift-drift transition along the proto-Appalachian margin of Laurentia. However, Dalziel 
(2014) argued that rifting started from north to south (relative to present-day North 
America), and that the present southern part of Laurentia was still attached to the newly 
amalgamated Gondwana until the Cambrian.  
 
In this study, I present new detrital zircon geochronological data that provide new clues 
as to the source area for the cropping out metasedimentary rocks in the Ellsworth 
Mountains. My results contribute to the understanding of the pre-break-up position, 
tectonic correlations and basin evolution of the EWM. In the first part of this work, I 
examine the detrital zircon components in the Cambrian to Permian–Carboniferous 
strata, determine their variation in space and time, and identify likely source areas. 
Finally, I analyse potential relationships between the EWM with East Antarctica and 
southern Africa, discussing my results in combination with existing U-Pb zircon data 
and in the context of proposed Palaeozoic reconstructions. 
 
6.2 Stratigraphy of the Ellsworth Mountains 
 
The Ellsworth Mountains stratigraphic sequence spans the entire Palaeozoic Era and is 
represented by a composite sedimentary section that is more than 13 km in total 
thickness (Fig. 6.2). The lower Palaeozoic succession consists of the lower (?) to upper 
Cambrian Heritage Group (Webers et al., 1992a), and the overlying uppermost 
Cambrian (?) to Devonian Crashsite Group (Spörli, 1992). The upper part of the 
stratigraphic succession consists of the Permian–Carboniferous Whiteout Conglomerate 
and Polarstar Formation (Collinson et al., 1992; Matsch and Ojakangas, 1992). 
 
There is no known outcrop of rocks that form the basement to the EWM block. 
However, aeromagnetic data indicate that Proterozoic crust, similar to that exposed at 
Haag Nunataks, extends southeast of the Ellsworth Mountains to the margin of the 
Coastal Basins (Jordan et al., 2013 and references therein). Dates from crystalline 
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gneisses cropping out at Haag Nunataks suggest that the protoliths of these rocks 
formed at ca. 1200–1000 Ma (1176 ± 76 Ma, Rb-Sr whole-rock isochron ages; Millar 
and Pankhurst, 1987; 1230,1045, and 1050 Ma, U-Pb zircon analyses; Armstrong, pers. 
comm.). 
 
 
Figure 6.2 Stratigraphic column for the Ellsworth Mountains succession after Curtis (2001). 
Circled numbers indicate sample location within the stratigraphic column (numbers as in Fig. 
6.1). Zircon shaped symbols represent zircon U-Pb dating of: (1) two Polarstar Formation tuffs 
(Elliot et al., 2016); (2) the Soholt Peak rhyolite of the Springer Peak Formation (Flowerdew et 
al., 2007); (3) a granite clast from a conglomerate of the Liberty Hills Formation (Randall et al., 
2000); and (4) hyaloclastite deposit from the Union Glacier Formation (Rees et al., 1998). 
 
6.2.1 The Heritage Group 
 
The 7,5-km-thick Heritage Group (Fig. 6.2) crops out almost exclusively in the Heritage 
Range and consists of eight sedimentary and volcanic formations that were deposited in 
a rapidly subsiding basin (Webers et al., 1992a; Curtis and Lomas, 1999). The Union 
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Glacier, Hyde Glacier, Drake Icefall and Conglomerate Ridge formations crop out in the 
Edson Hills, located in the central Heritage Range (Fig. 6.1). The Union Glacier 
Formation includes a 3-km-thick section of terrestrial volcaniclastic rocks, deposited as 
lahars and/or ash-flow tuffs (Webers et al., 1992a). Volcanic rocks of this formation 
vary from basaltic to andesitic compositions, with 62–50 wt% SiO2 (Rees et al., 1998). 
The Union Glacier Formation is the oldest stratigraphic unit exposed in the Ellsworth 
Mountains with a reported U-Pb zircon age of 512 ± 14 Ma for a hyaloclastite (Fig. 
6.2); I note that neither details of the dated sample, nor the methods employed are 
known since this date is referred only as a personal communication by Rees et al. 
(1998). Intercalated above the lowest exposed bed of this formation is a 390-m-thick 
unit: the Kosco Peak Member, which is composed of metamorphosed calcareous 
sandstone and conglomerate with minor amounts of orthoquartzite and arkose (Webers 
et al., 1992a). The Union Glacier Formation is locally overlain by the Hyde Glacier 
Formation, a laterally discontinuous unit of fluvial to shallow marine deltaic deposits 
(Webers et al., 1992a). Overlying both the above formations is the Drake Icefall 
Formation, which is composed of black shales and interbedded limestones with middle 
Cambrian trilobite fauna (Jago and Webers, 1992), considered to represent shallow-
marine sedimentation (Webers et al., 1992a). Overlying the Drake Icefall Formation 
through a reverse fault contact is the Conglomerate Ridge Formation, which is 
composed of quartzite, conglomeratic quartzites and polymict conglomerates (Webers et 
al., 1992a). These sedimentary rocks are believed to be stratigraphically younger than, 
and perhaps deposited directly onto, the Drake Icefall Formation (Curtis, 2001). 
 
The upper units of the Heritage Group are three laterally equivalent formations: the 
Springer Peak, Liberty Hills, and Frazier Ridge formations (Fig. 6.2). They are almost 
entirely clastic in composition and include argillite, greywacke, conglomerate, and 
quartzite (Webers et al., 1992a). The distribution of facies in the Liberty Hills and 
Springer Peak formations indicates changes from terrestrial conditions in the southeast 
(the Liberty Hills Formation) to marine in the northwest (the Springer Peak Formation) 
(Webers et al., 1992a; Curtis and Lomas, 1999). These formations were deposited 
synchronously with active volcanism, as evidenced by the presence of thick basic 
volcanic and subvolcanic rocks. Current interpretations indicate that they represent a 
continental rift setting, and they have been dated as middle Cambrian (Curtis et al., 
1999). This age is based on the presence of a trilobite fauna in the Springer Peak 
Formation (Jago and Webers, 1992; Shergold and Webers, 1992) and dating of granite 
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clasts from a conglomerate unit in the Liberty Hills Formation, which constrains the 
maximum depositional age at 525 ± 2 Ma (multigrain U-Pb zircon upper intercept, 
Randall et al., 2000). 
 
The Springer Peak, Liberty Hills, and Frazier Ridge formations are overlain for the most 
part by the laterally discontinuous Minaret Formation (Webers et al., 1992a; Curtis and 
Lomas, 1999). This formation is composed of white to grey marble, including a variety 
of carbonate rocks deposited during the middle Cambrian, on the basis of a well-
preserved fauna (Buggisch and Webers, 1992; Jago and Webers, 1992; Shergold and 
Webers, 1992; Webers et al., 1992d). The northern sector has been interpreted as high-
energy carbonate platform deposits, in contrast to the southern sector, which is 
characterised by deeper water, low-energy carbonate deposits (Curtis and Lomas, 1999). 
A thin succession of argillite and interbedded sandstone, referred to as the Transition 
Beds, overlies the Minaret Formation, and certain parts of the Springer, Frazier Ridge 
and Liberty Hills formations (Spörli, 1992). The Transition Beds have been interpreted 
as inner- to outer-shelf sediments (Goldstrand et al., 1994), suggesting a rapid relative 
sea-level rise (Curtis, 2001). 
 
6.2.2 The Crashsite Group 
 
The 3-km-thick Crashsite Group overlies the Heritage Group (Fig. 6.2) and consists of 
quartzite, argillite conglomerate, limestone, and basic igneous rocks (Spörli, 1992). 
Although localised unconformities have been identified between these two groups 
(Spörli, 1992; Goldstrand et al., 1994), the contact has been considered to be regionally 
conformable. Curtis (2001) suggested that this indicates that the Heritage Range was 
unaffected by an end-Cambrian orogeny. The Crashsite Group is divided in ascending 
order into the Howard Nunataks, Mount Liptak, and Mount Wyatt Earp formations, 
interpreted as shallow-marine to fluviatile sediments (Spörli, 1992; Curtis and Lomas, 
1999). A late Cambrian trilobite fauna is recorded in the Transition Beds, constraining 
the age for the base of the Crashsite Group to younger than late Cambrian (Shergold and 
Webers, 1992). The Mount Liptak Formation represents shallow-marine sedimentation 
in a tectonically stable area, with a proposed Ordovician and Silurian age based on the 
apparent steady sedimentation (Spörli, 1992). The youngest Mount Wyatt Earp 
Formation was also deposited under shallow-marine conditions, but with a higher 
sedimentation rate (Spörli, 1992). Fauna and detrital zircon components present in the 
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Mount Wyatt Earp Formation suggest a Devonian age (Webers et al., 1992c; 
Flowerdew et al., 2007). 
 
6.2.3 The Whiteout Conglomerate and Polarstar Formation 
 
The Mount Wyatt Earp Formation is conformably overlain by the Whiteout 
Conglomerate (Fig. 6.2), which is formed by grey to black diamictites deposited during 
the late Carboniferous to early Permian Gondwanide glaciation (Matsch and Ojakangas, 
1992). The Whiteout Conglomerate has been lithologically correlated to the Dwyka 
Group in South Africa (Visser, 1997), the Fitzroy Tillite Formation in the 
Falkland/Malvinas Islands (Frakes and Crowell, 1967), and the Gale Mudstone in the 
Pensacola Mountains (Schmidt and Williams, 1969). The glacigenic diamictites are 
conformably overlain by the Polarstar Formation (Fig. 6.2), which consists of dark grey 
to black argillites, siltstone, sandstone, and coal (Collinson et al., 1992). Fine-grained 
sediments in the lowest parts of this formation contain outsize grains and quartz pebble 
dropstones that are interpreted as residual ice-rafted debris, deposited during the retreat 
of the ice sheets (Collinson et al., 1992). This contrasts with strata higher in the section 
where Glossopteris flora occurs (Collinson et al., 1992). Detrital zircons from the 
Polarstar Formation indicate that it probably spans the entire Permian (Elliot et al., 
2016). 
 
6.2.4 Palaeocurrent data from the Ellsworth Mountains 
 
Palaeocurrent data from the Ellsworth Mountains are difficult to interpret due to their 
sparsity, which hinders the deduction of regional trends, and displacement/rotation of 
the EWM block (Webers et al., 1992b). In the following description, palaeocurrent 
direction data are given relative to present-day coordinates (Fig. 6.1). The palaeocurrent 
direction data from the Springer Peak (flute casts) and the Liberty Hills (parting 
lineations) formations indicate palaeoflows toward the northwest (Curtis and Lomas, 
1999), in agreement with the earlier interpretation of Webers et al. (1992a) for the 
Heritage Group. The distribution of facies in the Liberty Hills and Springer Peak 
formations also suggests a sediment transport direction toward the northwest, with 
changes from terrestrial conditions in the southeast (the Liberty Hills Formation) to 
marine in the northwest (the Springer Peak Formation) (Webers et al., 1992a; Curtis and 
Lomas, 1999). Palaeocurrent data from the Crashsite Group are more sparse. For the 
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Howard Nunataks Formation, variations in size sorting in a conglomerate of the Linder 
Peak Member indicate flows towards the southwest, whilst variations in sedimentation 
in the Landmark Peak Member favour flows toward the west (Spörli, 1992). 
Additionally, the geometry of wedges of impure grey quartzites suggests the influence 
of a westerly source area and the existence of a topographic high to the west (Spörli, 
1992). In the upper part of the Crashsite Group, cross-beds in the Meyer Hills indicate 
palaeocurrents toward the north (Matsch and Ojakangas, 1992). In the overlying 
Whiteout Conglomerate, glacial palaeocurrent trends suggest that the glaciers flowed 
towards the northwest; however, such indicators have only been measured on three 
successive boulder pavements in the Meyers Hills (Matsch and Ojakangas, 1992). 
Palaeocurrent measurements from the Polarstar Formation generally indicate flows 
towards the north (Collinson et al., 1992). 
 
6.3 Methods 
 
Sensitive high-resolution ion microprobe (SHRIMP) U-Pb ages for detrital zircons were 
determined in nine sandstone and two meta-volcaniclastic samples from the Heritage 
and Crashsite Groups, and the Whiteout Conglomerate (Figs. 6.1 and 6.2, Table 6.1). 
Zircons were separated using standard crushing, hydraulic, magnetic and heavy liquid 
procedures. Several-hundred randomly poured grains from each sample were cast in 
epoxy mounts together with the Temora and/or FC1 reference zircons and polished 
about halfway through the grains. Reflected and transmitted light photos were prepared 
for all samples, as well as cathodoluminescence (CL) scanning electron microscope 
(SEM) images. The images were used to identify internal structures and suitable areas 
for analysis. Approximately 50–80 zircons were randomly selected for U-Pb analysis 
using SHRIMP II and SHRIMP reverse geometry (RG) at the Research School of Earth 
Sciences, ANU, following standard procedures (Williams, 1998, and references 
therein). Particular attention was paid to restrict analysis to areas free of inclusions and 
fractures. An O2- primary ion beam was focused to a spot of ~ 20 µm in diameter and 
each analysis consisted of the measurement of four or five cycles through the isotope 
mass sequence. U-Pb ratios were determined by reference to Temora standard 
(206Pb/238U = 0.06683 equivalent to 417 Ma; Black et al., 2003) and U concentrations 
were referenced to analyses of SL13 (U = 238 ppm). The data were processed using 
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SQUID Excel Macro (Ludwig, 2001); calculations and plots were made using 
ISOPLOT (Ludwig, 2003) and DensityPlotter (Vermeesch, 2012). Corrections for 
common Pb were carried out using either the measured 204Pb or 207Pb or 208Pb, assuming 
concordance. In general, for zircons older than 800 Ma, correction was made using the 
measured 204Pb and discordant analyses were discarded (< 20% discordant). For zircons 
younger than 800 Ma, correction was made assuming 206Pb/238U-207Pb/235U 
concordance. However, all these corrections and preferred age (206Pb/238U or 
207Pb/206Pb) were examined case by case and are indicated in Electronic Appendix 1: 
CHAPTER VI. The morphology and internal CL structures of zircons together with the 
Th/U ratios were used to interpret whether the areas analysed are of an igneous or 
metamorphic origin. 
 
6.4 Results 
 
A summary of the analysed samples can be found in Table 6.1. Representative CL 
images of zircons of the meta-volcaniclastic samples are shown in Figure 6.3. The new 
SHRIMP U-Pb zircon age determinations are given in Electronic Appendix 1: 
CHAPTER VI. Data are displayed on Tera-Wasserburg concordia plots (Electronic 
Appendix 1: CHAPTER VI and Fig. 6.4). Age versus probability diagrams and kernel 
density estimations are displayed in Figure 6.5 using the preferred ages as indicated in 
Electronic Appendix 1: CHAPTER VI. The uncertainty of individual analysis is listed 
and plotted as the 1σ level, whilst weighted mean ages are given with 95% confidence 
limit uncertainties. The time scale is that of the International Stratigraphic Chart from 
the International Commission on Stratigraphy (Cohen et al., 2013; updated). 
 
6.4.1 The Heritage Group 
 
Samples 13EG-02 and EHD2302A are meta-volcaniclastic rocks collected from the 
Union Glacier Formation (Figs. 6.1 and 6.2). Sample 13EG-02 was taken from the 
matrix of a highly deformed green meta-volcanic conglomerate with clasts 70–50 cm in 
size. Sample EHD2302A was collected from a metamorphosed volcanic breccia layer 
and corresponds to a foliated meta-andesite. Breccia, clasts and matrix have similar 
composition and are equally deformed and metamorphosed with their original texture 
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partially obliterated and recrystallised. Actinolite, chlorite, epidote, quartz and titanite 
are the dominant minerals, accompanied by minor scattered granular calcite, anisotropic 
actinolite bands and dynamic recrystallisation structures. Only a limited number of 
zircon grains were recovered from these samples with 25 and 17 grains for 13EG-02 
and EHD2302A, respectively. The zircons are similar in both samples, with the CL 
images showing mostly broad to weakly zoned interiors with more strongly oscillatory-
zoned outer areas. In some grains there are discrete low-U, white-CL overgrowths that 
cut the oscillatory zonation (Figs. 6.3E and 6.3F). In sample EHD2302A, the white-CL 
overgrowths are more developed in the smaller zircons, including the presence of 
entirely white-CL zircons (see Fig. 6.3G). The U-Pb data for sample 13EG-02 has a 
main cluster of analyses with a weighted mean 206Pb/238U age of 675 ± 6 Ma (mean 
square of weighted deviates [MSWD] = 1.8) and a concordia age of 677 ± 5 Ma (84% 
of the population; Figs. 6.4A and 6.4B). There are two younger nearly concordant 
analyses and these are considered to be analyses of areas that have lost radiogenic Pb. 
Similarly, there is an older grouping of analyses in sample EHD2302A with a weighted 
mean 206Pb/238U age of 673 ± 11 Ma (MSWD = 2.7) and a concordia age of 674 ± 3 Ma 
(47% of the population; Figs. 6.4C and 6.4D). The white-CL zircons from sample 
EHD2302A are characterised by lower U and Th contents compared to the oscillatory 
zoned areas (Table 6.1 and Electronic Appendix 1: CHAPTER VI) and have a weighted 
mean 206Pb/238U age of 529 ± 7 Ma (5 analyses, MSWD = 0.32; Fig. 6.4C). It was 
possible to measure the core and white-CL rim in only one grain (spots 6.2 and 6.1, Fig. 
6.4C), recording 206Pb/238U ages of 662 ± 8 Ma and 490 ± 14 Ma, respectively. 
However, closer examination of both the Wetherill and Tera-Wasserburg plots shows 
dispersion, which suggests that there has been some radiogenic Pb loss from both the 
areas recording the older ca. 675 Ma and younger ca. 530 Ma groupings; the analyses in 
both groups appear to slide down the respective segments of the concordia curve. Other 
grains (four and two grains in samples 13EG-02 and EHD2302A, respectively) record 
scattered dates of ca. 540, 560, 900 and 1200 Ma. 
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Figure 6.3 Representative cathodoluminescence (CL) images of zircons dated by SHRIMP II in 
the meta-volcaniclastic samples. Dark-CL zircons are ca. 675 Ma (except for grain F, which is 
ca. 1000 Ma) and white-CL zircons are ca. 530 Ma. All zircons show white-CL overgrowth. (A) 
13EG-02:8.1. (B) 13EG-02:11.1. (C) 13EG-02:13.1. (D) 13EG-02:7.1. (E) 13EG-02:21.1. (F) 
EHD2302A:10.1. (G) EHD2302A:14.1. (H) EHD2302A:7.2. (I) EHD2302A:2.1. (J) 
EHD2302A:12.1. (K) EHD2302A:6.1 (rim) and 6.2 (core). (L) EHD2302A:5.1. (M) 
EHD2302A:15.1. 
 
Sample 13EG-01 was collected in the Kosco Peak Member, near the base of the Union 
Glacier Formation (Fig. 6.2). This sample is a medium-grained quartz arenite and has 
detrital zircons interpreted as igneous on the basis of morphology and internal CL 
structure. The analyses are dominated by ages ranging from ca. 1400 to 900 Ma, with 
17% of the population being older than 1200 Ma (Fig. 6.5). Sample PH-10 was 
collected from a calcareous siltstone in the base of the Liberty Hills Formation, in the 
southeast area of the Patriot Hills (Figs. 6.1 and 6.2). Zircons from sample PH-10 show 
a U-Pb age distribution dominantly between ca. 1300 and 800 Ma (Fig. 6.5), with 10% 
of the population being older than 1200 Ma. Sample EHD0801A, a subarkose collected 
south of Chappel Peak (Fig. 6.2), has a similar age pattern, with igneous zircons ranging 
from ca. 1300 to 800 Ma. However, it also contains younger components, ranging from 
ca. 660 to 525 Ma, representing 22% of the total zircon population (Fig. 6.5). 
 
Sample13EG-05 is a mature quartz arenite collected east of Yochelson Ridge (Fig. 6.1). 
It belongs to the Springer Peak Formation (Fig. 6.2) and is dominated by igneous 
detrital zircons ranging from ca. 1200 to 900 Ma (50% of the measured zircons). A 
second age group, representing 33% of the total zircon population, has two distinct 
peaks at ca. 650 and 570 Ma (Fig. 6.5). About 20% of detrital zircons from this second 
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age group (6.6% of the total analysed zircons) are interpreted as metamorphic, with 
Th/U < 0.07 and mostly unzoned dark CL structure (Table 6.1 and Electronic Appendix 
1: CHAPTER VI). There is a small grouping at ca. 850 Ma (igneous and metamorphic 
zircons), and four grains are older than 1200 Ma. 
 
 
Figure 6.4 Tera-Wasserburg Concordia diagrams for the metavolcaniclastic samples 13EG-02 
(A and B) and EHD2302A (C and D) showing weighted mean and concordia ages (the latter 
with mean square of weighted deviates [MSWD] of concordance). Weighted mean age is the 
best estimate for zircon group of sample 13EG-02 (A). The concordia age is the best estimate 
for the zircon group of sample EHD2302A (D). All error ellipses are 1σ. Insets show 206Pb/238U 
ages and weighted mean of groups excluding grains in dotted lines. Error bars in insets are 2σ. 
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T
able 6.1 Sum
m
ary of sam
ples and analysed zircons. 
 
Sam
ple 
Form
ation 
L
at 
(South) 
L
ong 
(W
est) 
M
ain age com
ponents 
Size  
(Length) 
Interpreted origin 
1 
13EG
-01 
U
nion G
lacier Fm
. 
79.801300 
83.652880 
1400–900 M
a 
300–80 µm
 
Igneous 
2 
13EG
-02 
U
nion G
lacier Fm
. 
79.822300 
83.704840 
676 M
a 
150–75 µm
 
Igneous 
3 
EH
D
2302A
 
U
nion G
lacier Fm
. 
79.820750 
83.645940 
674 M
a 
175–75 µm
 
Igneous 
  
  
  
 
 
530 M
a 
175–75 µm
 
m
etam
orphic? 
4 
PH
-10 
Liberty H
ills Fm
. 
80.336389 
81.284444 
1300–800 M
a 
200–70 µm
 
Igneous 
5 
EH
D
0801A
 
Liberty H
ills Fm
. 
79.965806 
82.937861 
1300–800 M
a 
100–55 µm
 
Igneous 
  
  
  
 
 
660–520 M
a 
100–55 µm
 
Igneous 
6 
13EG
-05 
Springer Peak Fm
. 
79.606810 
84.449250 
1200–800 M
a 
340–60 µm
 
Igneous 
  
  
  
 
 
650–540 M
a 
340–60 µm
 
Igneous and m
etam
orphic 
7 
EH
D
1705A
 
H
ow
ard N
unatak Fm
. 
79.874972 
83.267056 
660–500 M
a 
250–70 µm
 
Igneous 
8 
EA
6 
H
ow
ard N
unatak Fm
. 
79.818333 
83.366222 
620–490 M
a 
250–70 µm
 
Igneous 
9 
EA
M
1001B
 
M
t W
yatt Earp Fm
. 
78.388111 
85.732917 
620–480 M
a 
330–70 µm
 
Igneous 
10 
13EG
-15 
W
hiteout C
onglom
erate 
79.769650 
81.300000 
670–500 M
a 
375–75 µm
 
Igneous 
11 
13EG
-10 
W
hiteout C
onglom
erate 
77.602390 
86.323200 
650–500 M
a 
300–50 µm
 
Igneous 
! 
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6.4.2 The Crashsite Group 
 
Sample EHD1705A was collected on the east flank of Linder Peak, close to the contact 
with the Minaret Formation, whilst sample EA6 was collected on the northeastern flank 
of Mount Dolence (Fig. 6.1; Table 6.1). The latter area was originally mapped as part of 
the Liberty Hills Formation (Webers et al., 1992a), but new field observations and 
detrital zircon age patterns have led me to reclassify it as a part of the Howard Nunataks 
Formation. The detrital zircons from both samples are similar and are interpreted as 
being igneous in origin, based on CL images and Th/U ratios, with an age distribution 
dominated by a 615–500 Ma component (43% and 59% in sample EA6 and 
EHD1705A, respectively). Sample EA6 has a younger peak at ca. 500 Ma and a 1200–
700 Ma cluster that represents 27% of the measured zircons. Older zircons (> 1200 Ma) 
represent 16%, with three zircons at 1500–1400 Ma. Sample EHD1705A, on the other 
hand, has a peak at ca. 630 Ma, and only two grains older than 1200 Ma. Sample 
EAM1001B is a sandstone collected in the Sentinel Range, between Mount Bearskin 
and Mount Tyree (Fig. 6.1). The sample is from the Mt Wyatt Earp Formation, close to 
the contact with the Mt Liptak Formation (Fig. 6.2). Most of the detrital zircons yield 
ages between ca. 610 and 480 Ma, with major peaks at ca. 530 and 500 Ma (Fig. 6.5). 
The grouping at 1100–900 Ma represents 16%, whilst 9% are older than 1300 Ma. The 
youngest zircons yield a weighted mean 206Pb/238U age of 485 ± 5 Ma (5 grains; 95% 
confidence; MSWD = 0.25). 
 
6.4.3 The Whiteout Conglomerate 
 
Sample 13EG-15 was collected in the Meyer Hills, above the contact with the Mount 
Wyatt Earp Formation, whereas sample 13EG-10 was collected at the Whiteout 
Nunatak near the contact with the Polarstar Formation (Figs. 6.1 and 6.2). Both samples 
are from the matrix of diamictites that crop out in the area. Detrital zircons from both 
samples are similar, with age distributions dominated by a 650–500 Ma component, and 
peaks at ca. 560 and 550 Ma (Fig. 6.5). Approximately 23% (13EG-10) and 15% 
(13EG-15) of the total zircon population yield ages of ca. 1200–900 Ma. Older zircons 
represent 16% and 9% in samples 13EG-10 and 13EG-15, respectively (Fig. 6.5). 
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Figure 6.5 Summary and comparison of the detrital zircon components of sandstone samples. 
Relative probability density plot (grey area) and kernel density estimator (KDE, black line) 
versus preferred age. Bin width in histograms is 25 Ma and KDEs curves were calculated with 
bandwidth of 30 m.y. Dotted-line rectangles indicate discarded detrital zircon due to radiogenic 
Pb loss (Electronic Appendix 1: CHPTER VI). The upper limit of the Ross orogeny is plotted as 
590 Ma as is indicated by granitic clasts (see text). Black dotted and continuous vertical lines 
indicate the age of the dark-CL and white-CL zircons, respectively, of the meta-volcaniclastic 
samples (Figs. 6.3 and 6.4). TOAST, Tonian oceanic arc superterrane; P, Permian; C, 
Carboniferous; D, Devonian; O, Ordovician; C, Cambrian. 
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6.5 Discussion 
 
6.5.1 Possible source areas  
 
My data show two main detrital zircon age components in the Ellsworth Mountains, a 
late Mesoproterozoic (ca. 1300–1000 Ma) and a late Neoproterozoic–Cambrian (ca. 
650–480 Ma) component. Samples from the Heritage Group are dominated by the late 
Mesoproterozoic component (Fig. 6.5), with other minor age clusters of early 
Neoproterozoic (1000–850 Ma), Cryogenian (ca. 670 Ma) and late Neoproterozoic–
Cambrian (ca. 650–480 Ma) ages (Figs. 6.4 and 6.5). In contrast, for the younger 
Crashsite Group and Whiteout Conglomerate, the latter detrital zircon age cluster, ca. 
650–480 Ma, is the dominant component (Fig. 6.5). 
 
In the African-Antarctic margin of Gondwana, detrital zircons of late Mesoproterozoic 
and late Neoproterozoic–Cambrian ages are commonly found in sedimentary rocks 
deposited at the same time as the Ellsworth Mountains sequence (Fig. 6.8). These 
detrital zircons are interpreted to be derived from rocks associated with major 
orogenies. Rocks of late Mesoproterozoic age are related to the widespread Grenvillian-
age events, which are considered to record the amalgamation of the Rodinia 
supercontinent (Dalziel, 1991; Hoffman, 1991; Moores, 1991). Rocks of late 
Neoproterozoic–Cambrian age are associated with different orogenies: the Pan-African 
tectonothermal events of ca. 650–500 Ma, related to collisional tectonics and the 
amalgamation of Gondwana (e.g. Cawood and Buchan, 2007), and the Ross orogeny 
(ca. 590–480 Ma), related to Gondwana convergent margin tectonics (Goodge et al., 
2004; 2012). 
 
According to plate reconstructions (Fig. 6.6A), potential source areas for the Ellsworth 
Mountains detrital zircons, that is, palaeo-geographically close areas of southern 
Gondwana, could be located in Africa (specifically, southern Africa and Mozambique) 
and/or East Antarctica (specifically, Dronning Maud Land, the Shackleton Range, Coats 
Land and the Transantarctic Mountains). In order to compare my detrital zircon data 
with these potential sources areas, U-Pb zircon dates of igneous and metamorphic rocks 
were compiled and classified with respect to age (Figs. 6.6B and 6.7). Next, I discuss 
the potential of each area as being a contributor of zircons to the Ellsworth samples. 
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Figure 6.6 Reconstruction of part of Gondwana at ca. 300 Ma showing major tectonic features 
and the U-Pb zircon age compilation of igneous and metamorphic rocks from the possible 
source areas (Electronic Appendix 2: CHAPTER VI). Reconstruction was made using the GPlate 
software (Boyden et al., 2011) with Africa held fixed in present-day coordinates. Relative fits 
are from Torsvik et al. (2012) and from Dalziel (2014) for the Ellsworth-Whitmore block 
(EWM) and the Falkland/Malvinas block (FI). Figure A shows major tectonic features and 
orogenies. Geology of Dronning Maud Land (DML) is after Jacobs et al. (2015) and Jacobs and 
Thomas (2004). AP, Antarctic Peninsula; CLd, Coats Lands; EAAO, East African-Antarctic 
Orogen; G, Grunehogna Craton; LH, Lützow-Holm Complex; MB, Mozambique Belt; ML, 
Marie Byrd Land; Na-Na, Namaqua and Natal belts; RP, Río de la Plata craton; SR, Shackleton 
Range; TF, Tierra del Fuego; TI, Thurston Island block; TOAST, Tonian Oceanic Arc Super 
Terrane. The Rayner Complex (Rayner C.) is included in the Grenvillian group, but it is 
younger at 990–900 Ma (Fitzsimons, 2000). Other sedimentary rocks and locations discussed in 
the text: APF, Amelang Plateau Formation; CD, Cordillera Darwin; Cs, Cape Supergroup; 
CTAM, Central Transantarctic Mountains; DG, Dwyka Group; MF, Msikaba Formation; 
NamG, Nama Group; NatG, Natal Group; NVL, North Victoria Land; PM, Pensacola 
Mountains; QM, Queen Maud Mountains; Sb, Saldania Belt; SV, Sierra de la Ventana. Figure B 
shows the published U-Pb zircon age compilation of possible source areas (only igneous and 
metamorphic rocks). Arrows indicate direction of sediment transport and their different lengths 
represent the relative distances inferred for the sediment transport paths. The Beardmore Group 
gabbro and Skelton Group rhyolite are the rift–related igneous rocks. 
 
6.5.1.1 Southern Africa  
The Namaqua-Natal belt of ca. 1300–1000 Ma (Eglington, 2006; Eglington et al., 2010) 
is believed to represent the Grenvillian in southern Africa, which may have extended via 
the Falkland/Malvinas Islands to Haag Nunataks and into Dronning Maud Land (the 
Maud Belt) in East Antarctica (Eglington, 2006; Jacobs et al., 2008b and references 
therein). This extended belt could have run along the northern part of the EWM block 
(Fig. 6.6A), thus representing a potential proximal source for the late Mesoproterozoic 
detrital zircons (Fig. 6.6). Relicts of the Pan-African tectonothermal events crop out in 
South Africa as part of the Saldania belt (Fig. 6.6A; Rozendaal et al., 1999; Scheepers 
and Armstrong, 2002; Chemale et al., 2011). In this area, two main groups of intrusive 
rocks are recognised based on geochemistry and age (Chemale et al., 2011). The older 
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group, dated at 552–527 Ma, includes S and I-type intrusives (Chemale et al., 2011). A 
younger group, dated at 524–510 Ma Ma, includes A-type granites with strong juvenile 
isotopic signatures that may have been associated with a rift setting (Sm-Nd whole-rock 
data; Chemale et al., 2011). Although relatively distant from the EWM block, palaeo-
geographic reconstructions (Fig. 6.6A) suggest that these intrusive rocks cannot be 
discarded as a potential source for the Cambrian igneous zircon detrital grains found in 
the Crashsite Group (Figs. 6.5, 6.6, and 6.8). However, no potential source rocks for 
zircons with ages of ca. 1000–850 Ma, 670 Ma, and 650–560 Ma have been found in 
South Africa, implying that other source regions, perhaps in addition to South Africa, 
are more likely to have supplied detrital zircons to the EWM block. 
 
6.5.1.2 Mozambique and Droning Maud Land  
Although it may represent a relatively distant source area (Fig. 6.6A), rocks from 
Mozambique and Dronning Maud Land correspond to most of the age components 
found in samples from the EWM. The exception is the ca. 670 Ma igneous component 
of the lower Heritage Group. There is evidence for zircon growth at 663 ± 11 Ma in the 
Yamato-Belgica Mountains bordering the Sør Rondane Mountains (Shiraishi et al., 
1994); however, these zircons are metamorphic and part of the 660–600 Ma thermal 
event in this area (Shiraishi et al. 2003). The Maud belt in Dronning Maud Land is the 
continuation of the Namaqua-Natal belt (Jacobs et al., 2008a, and references therein) 
and represents a potential source for the late Mesoproterozoic detrital zircons of the 
EWM block. The early Neoproterozoic detrital zircons found in the Heritage Group 
could have been sourced from the southern prolongation of the ca. 1000–900 Ma 
Tonian oceanic arc superterrane (TOAST; Jacobs et al., 2015), the only relatively 
proximal source candidate known thus far. According to Jacobs et al. (2015), the 
TOAST probably developed outside of Rodinia and shows a juvenile character. 
Exposure and erosion of TOAST rocks during the Palaeozoic are indicated by 
prominent early Neoproterozoic detrital zircon population in rocks of the Natal Group 
and Msikaba Formation in South Africa (Figs. 6.6A and 6.8). 
 
In Mozambique and Dronning Maud Land, rock outcrops of the East African-Antarctic 
Orogen (EAAO of ca. 630–500), part of the Pan-African orogenies, resulted from the 
collision of proto-East and West Gondwana (e.g. Jacobs and Thomas, 2004; Jacobs et 
al., 2008a), and overprinted the Maud belt and TOAST (Jacobs et al., 2003a; 2003b; 
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2008a; 2015; Elburg et al., 2016). The collision was followed by synchronous 
extensional shearing and late-tectonic magmatism between ca. 530 and 485 Ma (Jacobs 
et al., 2008a), which could potentially have been a source for the Cambrian zircons 
found in my samples. 
 
6.5.1.3 The Transantarctic Mountains 
There are indications that this region could have been a source of late Mesoproterozoic 
and late Neoproterozoic–Cambrian zircons. Although Mesoproterozoic rock outcrops 
have not been found, the presence of ca. 1100–1000 Ma crust is indicated by glacial 
clasts in Quaternary tills (Goodge et al., 2010), xenocrysts in Ross orogenic plutons 
(e.g. Paulsen et al., 2013), and abundant detrital zircon populations of this age (Goodge 
et al., 2004). U-Pb zircon ages from igneous rocks corresponding to the Ross orogeny 
constrain the magmatism between ca. 560 and 480 Ma (Fig. 6.7). However, U-Pb ages 
for detrital zircons and those for a glacial clast in the Central Transantarctic Mountains 
suggest that this magmatism may extend to ca. 590 Ma (Goodge et al., 2004; 2012). 
 
The Transantarctic Mountains are the only known source candidate for the ca. 670 Ma 
igneous zircons found in the volcaniclastic rocks of the Union Glacier Formation, where 
rift-related volcanic rocks ranging in composition from basanite to rhyolite and gabbro 
are dated at ca. 680–670 Ma (Goodge et al., 2002; Cooper et al., 2010). These rocks are 
believed to reflect the fragmentation of Rodinia, i.e. the rifting of Laurentia to form the 
paleo-Pacific Ocean, consistent with the southwest United States-East Antarctica 
reconstruction of Rodinia (SWEAT; Moores, 1991). The Union Glacier Formation 
contains volcanic clasts up to at least 70 cm in diameter and angular euhedral to 
subhedral zircons, which indicate a proximal depositional environment for the 
sediments containing the 675 Ma zircon population. The interpretation is that sediments 
of this formation were deposited close to a region with 675 Ma magmatism, similar to 
the Transantarctic Mountains. 
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Figure 6.7 Histograms of compiled data showed in Figure 6.6B. Compilation was made only 
based on U-Pb zircon data from igneous and metamorphic rocks (Electronic Appendix 2: 
CHAPTER VI); detrital zircons are not included. Numbers refer to probable source areas 
indicated in Figure 6.6B and N indicates the number of rocks. Samples older than 1300 Ma are 
not included due to lack of these components in the EWM (see discussion in the text). The 
kernel density estimator of the lower and upper Heritage, Crashsite Groups and Whiteout 
Conglomerate are overlaid on the histograms, but not to scale. Note that comparison of rock 
ages in different areas and detrital kernel density estimators should be taken with care: (1) 
Potential sedimentary rock sources, and therefore second (or more) cycle detrital zircons are not 
represented; (2) There is a significant sampling bias related to the accessibility of outcrops (e.g. 
large covered areas in Antarctica). 
 
6.5.1.4 Coat Lands and Shackleton Range 
The Coats Land block (Fig. 6.6A) is a geologically and geophysically distinct crustal 
entity with undeformed and unmetamorphosed felsic magmatic rocks of late 
Mesoproterozoic age (Kleinschmidt and Boger, 2009; Loewy et al., 2011). For this 
reason, and based on the comparison of Pb isotopes with coeval rocks in Laurentia, it 
has been proposed that the Coats Land block was originally part of Laurentia, and not 
part of the Namaqua-Natal or Maud belts of southern Africa and Antarctica (Loewy et 
al., 2011). According to palaeo-geographic reconstructions (Fig. 6.6A), the Coats Land 
block was probably located near the EWM block during the Palaeozoic, and thus 
constitutes a candidate source of the igneous late Mesoproterozoic detrital zircons found 
in the Ellsworth Mountains. 
 
The Eastern and Northern terranes of the Shackleton Range in East Antarctica (Fig. 6.6) 
could also represent a proximal source for the late Mesoproterozoic igneous and late 
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Neoproterozoic–Cambrian igneous and metamorphic detrital zircons found in the 
Heritage Group (Fig. 6.7). The Shackleton Range has been divided into three distinct, 
spatially separated terranes, with different magmatic and metamorphic histories (Will et 
al., 2009; 2010), which would provide different zircon components to nearby 
depositional areas. The Southern Terrane records magmatism between 1850 and 1810 
Ma and metamorphism at 1710–1680 Ma and 510 Ma (Will et al., 2009). The Eastern 
Terrane, believed to be the southward extension of the Maud belt and EAAO (Fig. 6.6), 
records late Mesoproterozoic (ca. 1060 Ma) magmatism overprinted by a high-
temperature event at ca. 600 Ma. The Northern Terrane contains eclogite facies alpine-
type ultramafic rocks indicating the existence of a suture zone (Schmädicke and Will, 
2006; Romer et al., 2009); the age of metamorphism in this area is constrained between 
530 and 490 Ma on the basis of garnet-whole-rock Sm-Nd isochrons (Romer et al., 
2009) and K-Ar amphibole ages (Talarico et al., 1999).  
 
6.5.1.5 Older Cratonic Areas 
The scarcity of pre-Mesoproterozoic zircons in the EWM may provide useful additional 
constraints. Most notably, the scarcity of zircons older than 1600 Ma parallels the 
characteristic near absence of zircons older than 1600 Ma in the Pensacola Mountains 
and the Queen Maud Mountains of East Antarctica (Fig. 6.8). This indicates that these 
regions did not receive significant detritus from the proximal East Antarctica craton, nor 
the more distal Kalahari craton. However, other coevally-deposited strata (e.g. Nama 
Group in Southern Africa, Byrd and Skelton Groups in the Transantarctic Mountains) 
did receive detritus with ages corresponding to these cratons (Fig. 6.8), implying that 
these cratons were exposed to erosion. One possible explanation is that there was a 
morphological/depositional divide between the cratonic areas and the depositional 
basins of the EWM block and the Pensacola and Queen Maud Mountains. In Africa, 
Fourie et al. (2011) suggested that the Namaqua-Natal belt had been a significant 
morphological divide at the time of deposition of the Cape Supergroup, thus preventing 
the input of older components from the Kalahari craton. However, it is unlikely that 
such a barrier had persisted for 500 m.y. (Andersen et al., 2016). It is more likely that a 
younger morphological barrier, such as the Pan-African mountain belts or the 
thickening Ross orogeny, prevented the deposition of cratonic zircons in marginal areas 
such as the Pensacola Mountains, the Queen Maud Mountains, and therefore in the 
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EWM. The existence of such morphological barrier would also imply that potential 
source areas for the EWM zircons should be found in relatively proximal regions. 
 
 
Figure 6.8 Survey of published detrital U-Pb ages from Neoproterozoic–Palaeozoic 
sedimentary rocks discussed in the text. For locations see Figure 6.6A. Data for the Sierra de la 
Ventana (SV) are from Ramos et al. (2014) and for Darwin Cordillera are from (Hervé et al., 
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2010b). *Deposition age of Cordillera Darwin sediments is unknown, but samples were 
separated based on youngest zircons. Data for South Africa: Nama Group (Blanco et al., 2011), 
Saldania belt (Frimmel et al., 2013; Naidoo et al., 2013), Cape Supergroup (Fourie et al., 2011), 
Karoo Supergroup (Fildani et al., 2009; Lanci et al., 2013; McKay et al., 2015; Veevers and 
Saeed, 2007), Natal Group and Msikaba Formation (Kristoffersen et al., 2016; Vorster et al., 
2016). Data for Antarctica: Amelang Plateau Fromation (Veevers and Saeed, 2007), Hanna 
Ridge and Patuxent Formations (Goodge et al., 2004; Rowell et al., 2001), Duncan Formation 
and Liv Group (Paulsen et al., 2015), Byrd Group (Goodge et al., 2002; Goodge et al., 2004; 
Paulsen et al., 2015), Taylor Group, Pagoda Formation and Victoria Group (Elliot and Fanning, 
2008; Elliot et al., 2015), Skelton Group (Cooper et al., 2010; Wysoczanski and Allibone, 
2004), North Victoria Land (Adams et al., 2014; Estrada et al., 2016). Data for the EWM are 
from this study (including the meta-volcaniclastic samples), Flowerdew et al. (2007) and Elliot 
et al. (2016). CTAM, Central Tansantarctic Mountains; DML, Dronning Maud Land; QM, 
Queen Maud Land; NVL, North Victoria Land; PM, Pensacola Mountains; SP, South 
Patagonia; SV, Sierra de la Ventana; SVL, South Victoria Land. 
 
6.5.2 Up-sequence provenance variations 
 
6.5.2.1 Lower Heritage Group 
The depositional age of the Union Glacier Formation is constrained by the age of the 
white-CL zircons and overgrowths dated to ca. 530 Ma (minimum age), and a non-
white-CL detrital zircon in sample 13EG-02 that gave a concordant age of ca. 560 Ma 
(Fig. 6.4; maximum age). The precise origin of the ca. 530 Ma white-CL domains is not 
clear, but I hypothesise that they represent either postdepositional metamorphic 
overgrowth or volcanic zircon growth (from melt, with ca. 675 Ma xenocrysts). The 
first option would imply that volcanic products were erupted at ca. 675 Ma, were 
reworked after ca. 560 Ma, and were metamorphosed at ca. 530 Ma. The second option 
would imply that volcanism occurred at ca. 530 Ma, which is likely the same age of 
deposition, since sample EHD2302A is a foliated meta-andesite from the volcanic 
breccia layer. I regard the latter hypothesis, of deposition after the formation of the 
white-CL overgrowth (younger than 530 Ma) as unlikely, since the sampled volcanic 
breccia, clast, and matrix appear to have a similar metamorphic grade, and most of the 
zircons, including those from the matrix, show development of white-CL rims. On this 
basis, I conclude that the deposition of the Union Glacier Formation occurred at least at 
ca. 530 Ma, which is older than the unsubstantiated ca. 512 Ma age previously reported 
by Rees et al. (1998).  
 
A possible ca. 530 Ma metamorphic age would have important implications, since it 
could be regarded as related to Ross orogeny, which has generally been considered 
absent from the EWM record. This would also imply an older depositional age for the 
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Union Glacier Formation and therefore explain the lack of detrital zircons younger than 
950 Ma in sample 13EG-01 from the Kosco Peak Member, which is dominated by ages 
of ca. 1400–1000 Ma, similar to a sample of uncertain stratigraphic position from the 
Stewart Hills (Fig. 6.1) as reported by Flowerdew et al. (2007). However, the presence 
of Renalcis-type calcareous algae in a clast of the Kosco Peak Member constrains 
deposition to during the early Cambrian (Buggisch and Webers, 1992). The unzoned 
nature of the white-CL domains, together with the low U and Th contents (but not low 
Th/U ratios), suggests that they may have a post-depositional metamorphic origin. 
However, the nature of the required metamorphic event is problematic since the mineral 
assemblage in sample 13EG-02 and EHD2302A suggests greenschist facies, which is 
unlikely to have given rise to the formation of metamorphic zircon. Moreover, 
metamorphic zircon overgrowths were not observed in sample 13EG-01 from the Kosco 
Peak Member. I note, however, that in contrast to the tectonically strained 
metavolcaniclastic rocks of the rest of the Union Glacier Formation, the Kosco Peak 
Member is only weakly deformed.  
 
Despite the uncertain origin of the white-CL domain, the ca. 675 Ma igneous zircon 
components suggests a close relationship with the Transantarctic Mountains, which is 
the only known area that records magmatic rocks of this age. Possible scenarios are: (1) 
the volcaniclastic rocks of the Union Glacier Formation correspond to reworked 
Cryogenian igneous rocks, similar to the rift-related magmatic rocks in the 
Transantarctic Mountains; (2) the volcanic rocks are Cambrian, but with an important 
contribution and assimilation of Cryogenian magmatic rocks (as probable country 
rocks), which resulted in the inheritance of some geochemical characteristics. 
Geochemical analyses of rocks from the Union Glacier Formation indicate that they 
represent the initial rifting of an ocean basin (Rees et al., 1998), an interpretation that is 
consistent with the 670–650 Ma rift-related magmatism in the Transantarctic Mountains 
(Goodge et al. 2002; Cooper et al., 2010). 
 
Rifting-related volcanism and sedimentation were ongoing in the Transantarctic 
Mountains by at least 650 Ma in the Neoproterozoic Beardmore and Skelton groups 
(Goodge et al., 2002; 2004; Cooper et al., 2010). The minimum depositional age of the 
Skelton Group is well constrained by crosscutting intrusive rocks ca. 550 Ma and 530 
Ma in age, and, similar to what could have happened in the Union Glacier Formation 
(the white-CL domains), many zircons crystallised during partial melting, although 
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under upper-amphibolite facies metamorphism (Wysoczanski and Allibone, 2004). The 
correlation of the Beardmore and Skelton groups with the Union Glacier Formation is 
uncertain because the detrital patterns are notably different, particularly, the age spectra 
for the Beardmore Group (Fig. 6.9). However, different detrital age distributions can be 
explained by the geology of the source areas, such as the potential influence of the ca. 
1800–1600, 1500–1300, 1400, and 1300–1000 Ma belts that extended from Laurentia to 
East Antarctica (Goodge et al., 2008; 2010). As is shown in Figure 6.9, detrital age 
patterns of the Beardmore Group have more ca. 1800–1300 Ma components, owing to 
the proximity of the Central Transantarctic Mountains to belts of those ages. If the 
reconstruction shown in Figure 6.9 is correct, then the EWM block was proximal to the 
ca. 1300–1000 Ma belt and therefore would have more detrital zircons of this age. I note 
that this would imply that the Coats Land block might represent the continuation of the 
1300–1000 Ma belt from Laurentia into East Antarctica. 
 
 
Figure 6.9 Comparison of the 
detrital zircon components from the 
Union Glacier Formation and the 
Beardmore and Skelton groups. 
Relative probability density plot 
(grey area) and kernel density 
estimator (black line). The inset 
shows the central Rodinia 
reconstruction at ca. 800–750 Ma 
after Goodge et al. (2008), 
consistent with SWEAT (Moores, 
1991). CLd, Coats Lands; CTAM, 
Central Transantarctic Mountains; 
SVL, South Victoria Land. The 
black star indicates the position of 
the EWM. Note that Rodinia had 
already broken up by the time of 
sediment deposition, and source 
areas may be the continuation of 
the belts from Laurentia into East 
Antarctica. Data for the Beardmore 
Group are from Goodge et al. 
(2002; 2004). Data for the Skelton 
Group are from Cooper et al. 
(2010) and Wysoczanski and 
Allibone (2004). Data for the 
Union Glacier Formation are from 
this study. 
!
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6.5.2.2 The upper Heritage Group  
In contrast to the lower Heritage Group, the Liberty Hills and Springer Peak formations 
contain ca. 650–520 Ma igneous and metamorphic zircon components, and the ca. 
1000–850 Ma igneous detrital zircon components (Fig. 6.5) characteristic of the EAAO 
and TOAST of Dronning Maud Land. The exception is sample PH-10, from the lower 
part of the Liberty Hills Formation in the Patriot Hills, which has an age distribution 
resembling that of the Kosco Peak Member. This suggests a marked up-stratigraphy 
change in the source area during deposition of the upper with respect to the lower 
Heritage Group. Similar up-stratigraphic variations are recorded in Cambrian 
metasedimentary rocks in South Africa (Miller et al., 2016a; Vorster et al., 2016); 
however, in contrast to the lower Heritage Group, they all lack the ca. 675 Ma 
component and have considerable 1000–850 Ma detrital zircons in their lower parts of 
their sequences. 
 
Deposition of the Liberty Hills and the Springer Peak formations is constrained between 
ca. 525 and 505 Ma (Randall et al., 2000; Flowerdew et al., 2007) and therefore coeval 
with metamorphism in the Northern Terrane of the Shackleton Range. This 
metamorphism was related to collision of the West Gondwana/Indo-Antarctic and 
Australo-Antarctic plates (Will et al., 2009). The interpretation is that the EWM 
received detritus from the EAAO and TOAST (Fig. 6.6A), believed to be located in the 
West Gondwana/Indo-Antarctic plate (Boger, 2011), during and after the West 
Gondwana/Indo-Antarctic and Australo-Antarctic collision. 
 
6.5.2.3 The Crashsite Group 
The Crashite Group records another change in sediment provenance with respect to the 
Heritage Group. Samples from the Crashsite Group are dominated by detrital zircon 
components with Pan-African and/or Ross Orogen ages, with a secondary Grenvillian 
and TOAST-age component. Flowerdew et al. (2007) described a similar change in 
provenance, which they associated with the transition from a synrift (Heritage Group) to 
passive-margin (Crashsite Group) tectonic setting, resulting in a more extensive source 
region (Cawood et al., 2012). Regardless of the extent of the source region, the clear ca. 
630 Ma zircon age component in the Howard Nunataks Formation, at the base of the 
Crashsite Group (Sample EHD1705A; Fig. 6.5), indicates that Dronning Maud Land 
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and Eastern Terrane of the Shackleton Range (part of the EAAO) continued supplying 
detritus to the EWM during the Ordovician.  
 
Up section, the Mount Wyatt Earp Formation has a high proportion of zircons in the 
525 to 500 Ma range, in addition to younger ca. 485 Ma zircons. Flowerdew et al. 
(2007) reported two Devonian zircons in the Mount Wyatt Earp Formation, consistent 
with the occurrence of Devonian fossils (Spörli, 1992; Webers et al., 1992c). This 
supports a Devonian age for this formation, as well as a coeval Devonian source for the 
sediments. However, I found no zircon younger than Cambrian in my samples. 
 
The question as to the source(s) of zircons younger than Cambrian is not unique to the 
EWM block. For example, detrital zircons in the range of 500–350 Ma (Cambrian–
Devonian) are common in sedimentary rocks fringing the Kalahari craton, although no 
magmatic event younger than ca. 500 Ma has been identified in this area (Fourie et al., 
2011; Naidoo et al., 2013). In the Transantarctic Mountains, 500–350 Ma detrital 
zircons were reported from within the Devonian strata, but there are suggestions that 
these may have been affected by radiogenic Pb loss (Elliot et al., 2015). The available 
data suggest that the source of these zircons is to be found in a more distant location, 
perhaps southern South America, the Antarctic Peninsula (Fig. 6.6), or other yet-to-be-
identified areas. 
 
6.5.2.4 Whiteout Conglomerate  
Detrital zircons younger than Cambrian were not identified in either sample analysed 
from the glacial Whiteout Conglomerate (Fig. 6.5). This is interesting, since the 
Gondwanan late Palaeozoic glaciation, with evidence of glacigenic deposits in southern 
Africa, the Falkland/Malvinas Islands, and Pensacola Mountains, ended in the early 
Permian (Isbell et al., 2008a; 2008b). There are two contrasting interpretations: the 
palaeodrainage that supplied sediments to the EWM block during the Palaeozoic did not 
change significantly following deposition of the upper Heritage Group (late Cambrian), 
even during glaciation, and/or there was no new source of zircons in the neighbouring 
regions since the late Cambrian. 
 
Palaeo-ice-flow directions and provenance studies in the glacigenic Dwyka Group in 
southern Africa (Fig. 6.6A), which correlates with the Whiteout Conglomerate, 
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indicated that the sediments originated from multiple glacial upland centres, including 
Antarctica (Isbell et al., 2008a). The palaeo-ice-flow directions indicated a general 
westward transport similar to those for the Whiteout Conglomerate (Visser, 1996; 
Visser, 1997; Moore and Moore, 2004; Isbell et al., 2008a). However, the Dwyka Group 
records significantly different age components compared to the Whiteout 
Conglomerate, including 3000–2500 Ma trondhjemite and granite cobbles, a lesser ca. 
2000 Ma granite component (Cornell et al., 2011), and tuff horizons with SHRIMP U-
Pb zircon ages of ca. 300–290 Ma (Bangert et al., 1999). None of these components 
have been identified thus far in the Whiteout Conglomerate. Therefore, my data 
indicates that the glacial sediments of the Whiteout Conglomerate originated from a 
different source region to that for the Dwyka Group, thus providing further support to 
the idea of multiple late Paleozoic ice-growth centers and separated glacial drainage 
systems. 
 
I note that the lack of zircon grains younger than 500 Ma, and especially the lack of any 
Permian–Carboniferous grains, may be interpreted as suggesting an older depositional 
age for the Whiteout Conglomerate. However, even after the late Palaeozoic Gondwana 
glaciation, some areas of East Antarctica did not receive contributions from Permian 
sources. This is the case for the Permian Amelang Plateau Formation in Dronning Maud 
Land, which lacks Permian zircons and shows age grouping at ca. 1100, 630, and 510 
Ma (Fig. 6.8) and indicates that other regions with upper Palaeozoic strata, similarly to 
the EWM block, do not record significant changes in their source area(s) since the 
Cambrian. 
 
The glacigenic Pagoda Formation, of the central Transantarctic Mountains, shares 
similar zircon age patterns with the Whiteout Conglomerate (Fig. 6.8), including the 
dominant 600–500 Ma age component (Elliot et al., 2015). This suggests that during the 
Carboniferous–early Permian, the EWM was linked to a depositional system that also 
supplied detritus to the central Transantarctic Mountains. Evaluation of the detrital 
zircons from the Polarstar Formation by Elliot et al. (2016) also suggested a 
depositional system related to that in the Transantarctic Mountains during the Permian. 
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6.5.3 Implications for reconstructing the EWM block in Gondwana  
 
Several lines of evidence derived from my data indicate that the EWM block was more 
likely related to the Australo-Antarctic plate of East Gondwana than to the southern 
African sector of West Gondwana (Fig. 6.10). The latter suggestion is mainly based on 
the different tectonic styles between the EWM and the East Antarctic margin (Curtis, 
2001). My proposition is supported by the following evidence: 
 
(1) The major zircon age component of ca. 675 Ma in the lower Heritage Group 
suggests a close proximity of the rift-related Cryogenian magmatic rocks of the 
palaeo-Pacific margin of the Australo-Antarctic plate. This is in contradiction to the 
idea that the rifting of Laurentia exerted an influence on the EWM during the 
Cambrian as proposed by Dalziel (2014), which seems unlikely, because the ca. 675 
Ma detrital zircons indicate that the rifting occurred during the Cryogenian, not the 
Cambrian. In this context, the dominant late Mesoproterozoic component in the 
lower Heritage Group was most likely derived from sources located on the Australo-
Antarctic plate, now covered by ice. Consistent with this idea, the age distributions 
of metasedimentary rocks of the lower Heritage Group are very similar to those of 
the Stewart Hills sample described by Flowerdew et al. (2007). These authors 
suggested an East Gondwana (i.e. Australo-Antarctic plate) provenance for this 
detritus, based on Hf isotope data. 
 
(2) The up-stratigraphic variations in the detrital zircon populations for the upper 
Heritage Group indicate that the EWM block only began to receive detritus from the 
combined West Gondwana/Indo-Antarctic plate, specifically the TOAST and the 
EAAO, after the collision of this plate with the Australo-Antarctic plate (sensu 
Boger, 2011). This collision is believed to be recorded in the Shackleton Range 
(Will et al., 2009; 2010), at 530–490 Ma (Romer et al., 2009) and was 
contemporaneous with deposition of the upper Heritage Group. 
 
(3) There is compelling evidence from zircon age patterns that during the 
Carboniferous–early Permian, the EWM block was connected to a depositional 
system related to the central Transantarctic Mountains. Elliot et al. (2016) reached 
similar conclusions for the Permian after evaluation of the detrital zircons from the 
Polarstar Formation. 
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(4) Palaeocurrent data, although scarce, are consistent with sources for the Heritage 
Group being in East Antarctica (Figs. 6.1 and 6.6B). Sediments of the Crashsite 
Group, however, allow a more extended source region (Fig. 6.6B). 
 
 
Figure 6.10 Reconstruction of the Cambrian (ca. 500 Ma) Gondwana margin made using the 
GPlate software with Africa held fixed in present-day coordinates, as in Figure 6.6. Dotted line 
denotes the possible suture between the Australo-Antarctic plate and the combined West 
Gondwana/Indo-Antarctic plate. In this tectonic model, the EWM block is originally part of the 
palaeo-Pacific margin of the Australo-Antarctic plate, and extension is product of the tectonic 
escape after the collision of these plates during the late Cambrian (Boger, 2011). On the other 
hand, the EAAO has been interpreted to reflect the previous amalgamation of the Indo-Antarctic 
plate with West Gondwana (Boger, 2011; Boger and Miller, 2004; Will et al., 2010). FI is the 
Falkland/Malvinas Island block. Note that in contrast to Figure 6.6, other blocks of West 
Antarctica (Antarctic Peninsula, Thurston Island block and Marie Byrd Land) are not shown in 
this figure since they were not part of this margin during the Cambrian. 
 
My detrital zircon data therefore suggest that the EWM was probably located near the 
Shackleton Range and the Pensacola Mountains during the early Palaeozoic (Fig. 6.10). 
This is consistent with available palaeomagnetic studies, which indicate a 90° 
counterclockwise rotation for the EWM block (Randall and Mac Niocaill, 2004; Watts 
and Bramall, 1981). Palaeomagnetic inclinations, however, are too shallow to allow an 
exact fit of the EWM (Randall and Mac Niocaill, 2004). The Pensacola Mountains and 
the remainder of the palaeo-Pacific margin of the Australo-Antarctic plate were 
deformed and intruded by subduction-related magmatism during the development of the 
Ross/Delamerian orogeny, in contrast to the upper Heritage Group in the EWM. The 
reason for the different tectonic style in the EWM during the Cambrian remains unclear, 
but may be ascribed to local back-arc extension, as proposed by Curtis (2001), or to a 
tectonic escape scenario. The back-arc extension scenario is at odds with the youngest 
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detrital zircon population in the Liberty Hills and Springer Peak formations, which are 
ca. 50 m.y. older than the depositional age of the sediments and indicate Pan-African 
sources. Normally, basin development in convergent margins (e.g. forearc, trench, and 
back-arc basins) involves a high degree of proximal subduction-related magmatic 
activity, and so the youngest age of detrital zircons is usually close to the age of the 
sediment deposition (e.g. Cawood et al., 2012). I therefore propose the tectonic escape 
scenario as the most likely (Fig. 6.10). Jacobs and Thomas (2004) suggested that 
orogenic collapse and lateral escape of microplates, including the EWM, occurred 
during the final collision and amalgamation of Gondwana, whilst Boger (2011) 
suggested that the tectonic escape may have been triggered by the Australo-Antarctic 
and West Gondwana/Indo-Antarctic collision. In either scenario, large strike-slip faults 
caused by the final continent-continent collision could have resulted in extension due to 
the relative motion between the blocks. 
 
6.6 Conclusions 
 
New detrital U-Pb zircon ages from EWM metasedimentary samples indicate the 
following:  
(1) The main detrital zircon age component in the lower Heritage Group is of late 
Mesoproterozoic age (ca. 1300–1000 Ma). Two metavolcaniclastic samples of the 
Union Glacier Formation have zircons of ca. 675 Ma. 
(2) Detrital zircons of upper Heritage Group (Liberty Hills and Springer Peak 
formations) show main components of late Mesoproterozoic–early Neoproterozoic 
age (ca. 1300–850 Ma). A secondary component is of late Neoproterozoic–early 
Cambrian age (igneous and metamorphic detrital zircons of ca. 650–530 Ma). 
(3) The Crashsite Group records a rise in late Neoproterozoic–Cambrian detrital zircons 
(ca. 650–480 Ma). Similar patterns were found for the Whiteout Conglomerate, with 
main components of ca. 650–500 Ma and distinct lack of detrital zircons younger 
than Cambrian. 
 
Comparisons between detrital zircon age data for the EWM and potential source 
regions, together with tectonic considerations, indicate that: 
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(4) Metavolcaniclastic rocks from the Union Glacier Formation point to proximal 
Cryogenian volcanism related to rifting. Magmatism of this age has been reported in 
the Transantarctic Mountains and is thought to be related to the break-up of Rodinia.  
(5) Sediments of the upper Heritage Group were likely derived from sources in 
Dronning Maud Land and its likely extension to the Shackleton Range and the 
EWM. This area was probably connected to the EWM during and after the collision 
of the Australo-Antarctic plate with the West Gondwana/Indo-Antarctic plates. 
(6) The Crashsite Group sediments allow for a more expansive source region. Zircons 
of this group could have been sourced from Dronning Maud Land, Shackleton 
Range, the Transantarctic Mountains and Southern Africa.  
(7) Analyses of the Whiteout Conglomerate, together with comparative data for other 
coeval glaciogenic strata, indicate that deposition during the Permian–Carboniferous 
can be linked to that in the Transantarctic Mountains. 
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7 Chapter VII 
The Ellsworth Mountains connection with East Antarctica and Laurentia  
 
Abstract 
 
Current palaeogeographic reconstructions of the southern palaeo-Pacific margin of 
Gondwana place the Ellsworth-Whitmore Mountains block in a position between South 
Africa and Antarctica, but as part of West Gondwana. This is based on a similar rift 
setting during the Cambrian in the southern African, Falkland/Malvinas Islands and the 
Ellsworth Mountains. However, new U-Pb zircon dating of a micro-diorite gives an 
igneous crystallisation age of 682 ± 10 Ma. These zircons have positive initial εHf and 
mantle-like δ18O values indicating that rifting, which affected Mesoproterozoic crust, 
likely occurred in the Cryogenian. This strongly supports a connection of the Ellsworth-
Whitmore Mountain block with East Antarctica before the amalgamation of Gondwana 
and agrees with the break-up of Rodinia in the context of the southwest United States 
and East Antarctica configuration. O and Hf isotopic compositions of detrital zircons 
from the Ellsworth Mountains also support this connection, indicating a likely East 
Antarctica provenance. A Cambrian magmatic event is recorded by zircons from a 
basaltic andesite dated at 518 ± 6 Ma. This magmatism is considered to be related to an 
extensional setting, but one that is different from the Cryogenian micro-diorite. The 
Cambrian zircons have elevated δ18O values ranging from 7.59 to 9.07‰, indicating a 
strong sedimentary influence on the magma source and crustal recycling. I interpret this 
Cambrian magmatism as a result of a tectonic escape after collision of the Australo-
Antarctic plate with West Gondwana/Indo-Antarctic plate. 
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7.1 Introduction 
 
The Ellsworth-Whitmore Mountains crustal block (EWM; Fig. 7.1) of West Antarctica 
(Dalziel and Elliot, 1982) is a critical element in any reconstruction of the palaeo-
Pacific margin of Gondwana between Africa and East Antarctica. Palaeomagnetic data 
indicate that the EWM block requires a 90° clockwise rotation to bring the pole position 
into the Gondwana Palaeozoic polar wander path (Randall and Mac Niocaill, 2004; 
Watts and Bramall, 1981), and that a simple rotation would place the EWM block 
adjacent to the Pensacola Mountains of East Antarctica. However, this has been thought 
to be unlikely given the lack of evidence for a subduction-related Cambro–Ordovician 
Ross Orogen in the EWM. Alternatively, the EWM has been linked to the southern 
African sector, which shares similar stratigraphic and structural characteristics, pointing 
to a Cambrian continental rift margin (Curtis, 2001; Curtis et al., 1999). Dalziel (1997, 
2014) proposed that Laurentia rifted and drifted from this part of Gondwana, and that it 
was still attached to Godwana until the Cambrian. This model has significant 
implications for the Cambrian explosion of life (Dalziel, 2014). However, the ages for 
magmatic rocks, which should be related to this rifting episode, are poorly constrained, 
and correlations have been mostly based on stratigraphic and fossil observations. 
Moreover, although the tectonic setting between the East Antarctic palaeo-Pacific 
margin and the EWM is different during the Cambrian, recent U-Pb detrital zircon age 
data of Palaeozoic sedimentary rocks from the EWM indicate deposition related to that 
in East Antarctica, and therefore a connection between these two blocks prior to the 
amalgamation of Gondwana (Chapter VI). 
 
In this study, I combine zircon U-Pb geochronology, Lu-Hf and O isotope data for 
igneous and metasedimentary rocks from the Ellsworth Mountains in the EWM. The 
aim is to provide chronological constraints and to test different tectonic models, as well 
as likely connections of the EWM with East Antarctica. The combined analysis of the 
stable O and radiogenic Hf isotopic compositions in igneous zircon provides valuable 
information about several aspects of magmatic systems, especially the relative 
contribution of juvenile depleted mantle input and/or recycled or longer-lived crustal 
sources (Hawkesworth and Kemp, 2006; Kemp et al., 2007). Detrital zircons preserve 
the age and isotopic record of the source area avoiding post-depositional and low grade-
metamorphic effects, which typically affect sedimentary rocks (e.g. Chapter II). My 
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data provide the first evidence that rifting in the EWM occurred earlier than previously 
reported and strongly support a connection of this block to East Antarctica before the 
amalgamation of Gondwana. These results have wider implications since it constrains 
the timing and location of the connection between the EWM and Laurentia. 
 
 
Figure 7.1 Sketch map of Antarctica and the Ellsworth Mountains showing the location of the 
analysed samples and a simplified, extrapolated geological map. The top right figure is the 
stratigraphic column for the Ellsworth Mountains succession after (Curtis, 2001). TB are the 
Transitional Beds and M. Fm. is the Minaret Formation. Red circles indicate the location of 
igneous samples and black circles indicate the location of the sedimentary samples: (1) 13EG-
01; (2) 13EG-02; (3) EHD2302A; (5) EHD0801A; (6) 13EG-05; (7) EHD1705A; (8) EA6; (9) 
EAM1001B; (10) 13EG-15; (11) 13EG-10. The grey circle (4) is PH-10, which was U-Pb dated 
in Chapter VI, but not included in the O and Hf study. 
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7.2 Geological and tectonic setting 
 
The Ellsworth Mountains comprise a stratigraphic sequence more than 13-km-thick, 
spanning the entire Palaeozoic Era (Fig. 7.1). The Heritage Group is the oldest 
stratigraphic unit in the Ellsworth Mountains and was deposited within a subsiding 
basin during the Cambrian (Webers et al., 1992). The Union Glacier Formation is the 
oldest unit of the Heritage Group and comprises terrestrial volcaniclastic diamictites, 
deposited as lahars and ash-flow tuffs (Webers et al., 1992). These are believed to 
represent the initial rifting of an ocean basin during the Cambrian (Rees et al., 1998). 
However, detrital zircon U-Pb age data clusters around 675 Ma in the meta-
volcaniclastic rocks indicate that this formation probably represents material eroded 
from proximal Cryogenian igneous rocks (Chapter VI). 
 
Sedimentary rocks from the upper Heritage Group, including the Liberty Hills and 
Springer Peak formations, host locally thick volcanic and subvolcanic rocks (Curtis et 
al., 1999; Vennum et al., 1992), whose nature and tectonic setting have been 
controversial. Interpretations vary from rift-related (Curtis et al., 1999; Rees et al., 
1998; Vennum et al., 1992), back arc basin (Curtis and Storey, 1996) to active margin 
settings (Rees et al., 1998). These widely varied interpretations are based on differences 
in the whole-rock geochemistry of volcanic rocks. The geochemistry has been 
interpreted to result from the involvement of two mantle sources in the generation of the 
mafic igneous rocks: a depleted mantle source unaffected by supra-subduction zone 
processes that generated MORB-like basalts, and the other derived from a mantle 
modified in a subduction environment (Curtis et al., 1999). Based on the 
contemporaneously and proximity of both types of magmatism, Curtis et al. (1999) 
interpreted these igneous rocks as having been formed in a continental rift environment. 
In this scenario the MORB-like basalts erupted near the rift axis (first group), and the 
melts from the lithospheric mantle are emplaced on the rift shoulder (second group). 
 
Overlying the Heritage Group is the uppermost Cambrian (?) to Devonian Crashsite 
Group (Fig. 7.1). It is composed of shallow-water – mostly marine – sediments, 
deposited in a passive margin (Spörli, 1992). Although localised unconformities have 
been identified between the Heritage and Crashsite groups (Goldstrand et al., 1994; 
Spörli, 1992), the contact between them has been considered to be regionally 
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conformable (Curtis, 2001). The upper part of the stratigraphic succession comprises the 
Permian–Carboniferous diamictites of the Whiteout Conglomerate (Matsch and 
Ojakangas, 1992) and the dark grey to black argillites, siltstone, sandstone, and coal of 
the Permian Polarstar Formation (Collinson et al., 1992). 
 
7.3 Methods 
 
Zircons were analysed from two igneous rock samples of the Heritage Group (Fig. 7.1): 
a foliated porphyritic hornblende micro-diorite (EHD0701A) and a basaltic andesite 
from the Liberty Hills (EHD0305A). Whilst the latter clearly belongs to the Liberty 
Hills Formation, the micro-diorite was collected from a poorly exposed outcrop and 
whilst it seems to be in contact with the Liberty Hills Formation the actual contacts are 
covered and difficult to follow. Scanning electron microscope (SEM) 
cathodoluminescence (CL) images were obtained for zircons prior to analysis. U-Pb 
zircon isotopic analyses were carried out using the sensitive high-resolution ion 
microprobe (SHRIMP) II, following standard methods (Williams, 1998). O and Lu-Hf 
isotopic ratios in zircon were then measured using SHRIMP II (Ickert et al., 2008) and a 
Neptune multicollector-inductively coupled plasma-mass spectrometry (MC-ICP-MS) 
coupled with HelEx 193 nm ARF Excimer laser ablation system (Eggins et al., 2005), 
respectively. Selected detrital zircons from ten meta-sedimentary units were added to 
the O–Hf study (Fig. 7.1). The U-Pb data for these samples is given in Chapter VI. 
Zircon separation and analyses were conducted at the Australian National University, 
following the same protocol given in Chapter II. The O isotope ratios and calculated 
δ18OVSMOW values have been normalised relative to a weighted mean value of 5.61‰ 
(Fu et al., 2015) for the FC1 reference zircon. The initial 176Hf/177Hf ratios have been 
calculated using the U-Pb crystallisation age of each grain and results are expressed in 
initial εHf (εHft). Corrections and reproducibility of reference zircons analysed in the 
course of this study are presented in Electronic Appendix 2: CHAPTER VII. 
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7.4 U-Pb, Lu-Hf and O zircon isotopic results 
 
The limited number of zircon grains recovered from sample EHD0701A are ~ 40–100 
µm in size and colourless. Under CL most zircons show oscillatory zoning typical of 
igneous zircons, with no evidence of inherited cores. The zircons contain ~ 225–870 
ppm U, 110–520 ppm Th, with Th/U ratios ranging from 0.39 to 0.65 (Electronic 
Appendix 1: CHAPTER VII). Fourteen analyses have a weighted mean 206Pb/238U age of 
682 ± 10 Ma (2σ, 1.5 MSWD; Fig. 7.2), which has been interpreted as the time of 
igneous zircon crystallisation. Analyses of thirteen zircons gave εHft values ranging 
from +2.22 to +8.84 (weighted mean of +5.2 ± 1.1; MSWD = 2.4). The δ18O values 
range from 2.96 to 6.11‰, but only one analysis is < 4‰ (Fig. 7.2). 
 
Zircons from sample EHD0305A are few, small, between 25 to 75 µm in length, with 
euhedral external morphology and zoned inner structures typical of igneous zircons; 
there is no evidence of inherited cores. The areas analysed have ~ 45–180 ppm U and ~ 
35–210 ppm of Th, with Th/U ratios in the range 0.65–1.19 (Electronic Appendix 1: 
CHAPTER VII). Fifteen analyses have a concordia age of 518 ± 6 Ma (2σ, 1.6 MSWD; 
Fig. 7.2), which is interpreted as the zircon igneous crystallisation age. The εHft values 
for these zircons range from +0.23 to +7.00 with δ18O values ranging from 7.59 to 
9.07‰. The δ18O values are significantly higher than those for sample EHD0701A (Fig. 
7.2). 
 
The O–Hf isotopic compositions for the detrital zircons are presented in Figure 7.3. The 
δ18O values for most of the grains are > 6.0‰, that is, above the range recorded by 
zircons with a mantle O isotope signature. Exceptions are: (1) the Cryogenian igneous 
zircons from the Union Glacier Formation and their Cambrian white-CL, low U 
overgrowths. (2) Two Cryogenian grains from the Crashsite Group. (3) A few grains 
with Mesoproterozoic ages from the upper Heritage Group and the Whiteout 
Conglomerate (Fig. 7.3A). In terms of the Hf isotopic composition, detrital zircons from 
the lower Heritage Group all have positive εHft values, between +4.4 and +10.9, 
whereas most of the detrital zircons from the upper Heritage Group have εHft values 
between -3.3 and +10 (Fig. 7.3B). Detrital zircons from the Crashsite Group and 
Whiteout Conglomerate have more variable εHft values, ranging from -25.9 to +10.0, 
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with Cambrian grains between -18.8 to +3.1, overlapping the εHft values for the igneous 
zircons of sample EHD0305A (Fig. 7.3C). 
 
 
Figure 7.2 New SHRIMP U-Pb data for igneous samples from the EWM in Tera-Wasserburg 
Concordia plots. A stacked histogram for sample EHD0701A is also shown. Data are presented 
in Electronic Appendix 1: CHAPTER VII and error ellipses are at the 2σ level. On the left are 
the U-Pb zircon ages (206Pb/238U) versus initial εHf and δ18O values for zircons of both samples. 
Data are presented in Electronic Appendix 2: CHAPTER VII and error bars are at the 2σ level. 
The value for zircon with mantle δ18O is from (Valley et al., 2005). 
 
Figure 7.3 (next page) U-Pb zircon ages (preferred ages, see Chapter VI) versus δ18O values for 
detrital zircons analysed in this study. Error bars are shown at the 2σ level and the value for 
zircon with mantle δ18O is from (Valley et al., 2005). Highlighted fields represent data from 
zircons of potential source areas: (1) the southern Transantarctic and Thiel Mountains; (2) the 
central Transantarctic Mountains and Southern Victoria Land; (3) Cambrian magmatism in the 
EWM; (4) Cryogenian magmatism in EWM. B: Preferred age versus initial εHf for the Heritage 
Group detrital zircons compared to contemporaneous sedimentary sequences from South Africa, 
the Saldania Group (data from Frimmel et al., 2013), and Mozambique, the Mecubúri and Alto 
Benfica Groups (data from Thomas et al., 2010). Highlighted fields represent data from zircons 
of potential source areas: (1), (2), (3) and (4) as in Figure 7.3A; (5) Laurentian A-type granites 
of ca. 1400 Ma; (6) Antarctic detrital zircons of ca. 1400 Ma; (7) Igneous rocks from the Sør 
Rondane; (8) the Cape granite Suit, South Africa; (9) Natal Belt. C: Preferred age versus initial 
εHf for the Crashsite Group and Whiteout Conglomerate detrital zircons compared to 
contemporaneous sedimentary sequences from South Africa, the Natal Group (data from 
Kristoffersen et al., 2016), and Dronning Maud Land, the Amelang Plateau Formation (data 
from Veevers and Saeed, 2007). Available published data of potential sources: (1) and (2) from 
Goodge et al. (2014); (3) and (4) from this study; (5) and (6) from Goodge et al. (2008); (7) 
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Elburg et al. (2016); (8) Villaros et al. (2011); and (9) Kristoffersen et al. (2016). Note that scale 
of X axis (age) changes from plot A to B.  
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7.5 Discussion 
 
7.5.1 Magmatism in the EWM 
 
Sample EHD0701A records the first evidence for Cryogenian magmatism in the EWM, 
with the O isotopic compositions for these igneous zircons indicating crystallisation 
from a magma that has not interacted with crustal sources (Fig. 7.2). The εHft values are 
all positive, but less radiogenic than those for a contemporaneous depleted mantle 
source; calculated depleted mantle model ages are around ca. 1190 Ma (Electronic 
Appendix 2: CHAPTER VII). Detrital igneous zircons from the Union Glacier 
Formation have the same Cryogenian age, as well as O and Hf compositions similar to 
those for sample EHD0701A (Fig. 7.3). This indicates that the sediments from the 
Union Glacier Formation were likely derived from this proximal Cryogenian igneous 
source. Rocks of the Union Glacier Formation have been interpreted as the result of 
proximal mafic, rift-related magmatic rocks re-worked during the Late Neoproterozoic–
Early Cambrian (Chapter VI). Therefore I believe that this Cryogenian magmatism 
represents rifting that affected Mesoproterozoic crust. 
 
Compared to sample EHD0701A, sample EHD0305A reveals a remarkable age and O 
isotopic contrast, with igneous zircons indicating Cambrian crystallisation and a source 
with strong supracrustal influence, involving recycling of 18O-enriched upper crustal 
material (i.e sedimentary or volcanic rocks). 
 
My results for sample EHD0701A demonstrate that part of the magmatism in the EWM 
is Cryogenian in age and likely related to rifting. This is at odds with the interpretation 
of the Cambrian magmatic rocks being formed in a rift setting as proposed by Curtis et 
al. (1999). That interpretation explained the differences of source regions for Cambrian 
magmatism assuming that they had the same ages and proximity of these rocks. I 
propose the following two scenarios for the formation of these rocks: 
 
(1) The Cryogenian magmatism was succeeded by subduction magmatism during the 
Cambrian, as in the Transantarctic Mountains (TAM). Similar O and Hf signatures 
for zircons from the Cambrian magmatism in the EWM, southern TAM and Thiel 
Mountains may support a subduction setting in the EWM (Fig. 7.3). However, most 
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of the magmatic rocks erupted within the same middle Cambrian sedimentary 
formation, for which stratigraphic and structural characteristics indicate an 
extensional setting (Curtis, 2001; Curtis and Lomas, 1999). 
 
(2) The Cryogenian magmatism was succeeded by a second, Cambrian extensional 
event. This is supported by stratigraphic and structural observations (Curtis, 2001). 
However, rifting had already occurred in the Cryogenian and it seems unlikely that 
rifting occurred again during the Cambrian. Instead, the Cambrian setting is more 
consistent with the tectonic escape scenario proposed in Chapter VI, during the 
collision of the Australo-Antarctic and West Gondwana/Indo-Antarctic plates 
(Boger, 2011). In this scenario, extension due to the relative motion between the 
blocks (including the EWM), produced intraplate magmatism by the melting of 
Mesoproterozoic crust, which in some parts had already been affected by a 
Cryogenian rifting episode, and therefore inherited the chemical characteristics of 
the Cryogenian magmatism. 
 
7.5.2 Palaeogeographic implications 
 
My results support a continuation of the Cryogenian rift-related magmatism recorded in 
the TAM (Cooper et al., 2010; Goodge et al., 2002) into the EWM and also suggest a 
connection to the western margin of Laurentia before the formation of Gondwana (Fig. 
7.4). This is contrary to the accepted view about the EWM, which locates this block 
closer to the South African margin (see discussion in Chapter VI). In the TAM, 
outcrops of rift-related volcanic rocks and gabbro of ca. 670–680 Ma (Cooper et al., 
2010; Goodge et al., 2002) are believed to reflect the fragmentation of Rodinia, i.e. the 
rifting of Laurentia to form the palaeo-Pacific ocean, consistent with the SWEAT 
reconstruction of Rodinia (the southwest United States-East Antarctica; Moores, 1991). 
In western Laurentia, major continental crust extension began at ca. 710–685 Ma and 
continued until ca. 650 Ma (Fanning and Link, 2004; Lund et al., 2010; Lund et al., 
2003; Yonkee et al., 2014). These Neoproterozoic successions in western Laurentia 
include diamictite-bearing strata that record the Cryogenian glaciation (635–850 Ma; 
Crittenden et al., 1983; Link et al., 1993). Whilst diamictite deposits have been 
described from the Union Glacier Formation, they are not considered to be glacial in 
origin (Webers et al., 1992). 
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Comparison of the zircon ages, as well as the O and Hf signatures for the EWM 
sedimentary rocks, with published data of possible sources and contemporaneous 
sedimentary successions (Fig. 7.3) reveals insights into the provenance and location of 
the EWM (Fig. 7.3). The O and Hf signatures of the lower Heritage Group detrital 
zircons are generally similar to those for potential source rocks in Antarctica, including 
the juvenile Cryogenian magmatic rock, and detrital zircons of ca. 1400 Ma found in the 
Transantarctic Mountains (Fig. 7.3B). With the exception of the Stenian (1000–1200 
Ma) detrital zircons, other lower Heritage Group detrital zircons are different in age as 
well as O and Hf signatures, to those detrital zircons from other contemporaneous 
sedimentary successions in South Africa and Mozambique (Fig. 7.3B). Stenian detrital 
zircons are indistinguishable in terms of their εHft values, overlapping with εHft values 
for igneous zircons from the Natal belt and other detrital zircons from the South African 
and Antarctic sectors (Fig. 7.3B). However, differences are recognised in term of δ18O 
values (Fig. 7.3A). All lower Heritage Group Stenian zircons record significant 
uppercrustal contamination, whereas the Stenian detrital zircons from the upper 
Heritage Group and Whiteout Conglomerate have δ18O values similar to those for 
zircon with mantle O values. This implies that it may be possible to distinguish between 
different Stenian sources (Grenville) expanding the use of O isotopes in detrital zircons. 
 
In a similar manner to the results of Flowerdew et al. (2007), the εHft values of the 
Heritage Group Late Neoproterozoic–Early Cambrian detrital zircons in this study are 
generally more positive than those of the Crashsite Group and Whiteout Conglomerate. 
This indicates a more expansive source region during the passive margin setting 
(Flowerdew et al., 2007), pointing to Pan-African sources, like the Cape Granite Suite 
(Fig. 7.3C). However, the youngest, Late Cambrian zircons from the Crashsite Group 
are less variable and less negative in terms of εHft values, indicating a TAM-like 
provenance (Fig. 7.3C). Similar δ18O values for these detrital zircons compared to those 
from the southern TAM and Thiel Mountains (Fig. 7.3C) also support a provenance 
from East Antarctica. Moreover, from a comparison of the detrital zircon data, there are 
more similarities for the Crashite Group and Whiteout Conglomerate with the Amelang 
Plateau Formation of Dronning Maud Land, and differences with the Ordovician–
Permian Natal Group of South Africa, especially the additional ca. 3200 Ma recorded in 
the Natal Group, not present in the EWM (Fig. 7.3C). 
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Figure 7.4 Plate reconstruction model showing rifting and separation of East Antarctica and 
Australia from west Laurentia during the Cryogenian, consistent with SWEAT model and the 
tectonic escape model proposed for the Cambrian. Orange stars show locations of Cryogenian 
rift-related magmatism in East Antarctica. Dotted line denotes the possible suture between the 
Australo-Antarctic plate and the combined West Gondwana/Indo-Antarctic plate. The EAAO is 
the East African-Antarctic Orogen and has been interpreted to the previous amalgamation of the 
Indo-Antarctic plate with West Gondwana. 
 
7.6 Conclusions 
 
The discovery of ca. 680 Ma igneous rocks in the EWM, along with the positive εHft 
and mantle-like δ18O values in the associated zircons provide new evidence for a 
continuation of Cryogenian rift-related magmatism from East Antarctica into the EWM. 
This implies a connection between these blocks before the formation of Gondwana.  
 
A rift affected Mesoproterozoic (ca. 1200 Ma) crust is consistent with the break-up of 
Rodinia in the context of the SWEAT configuration between East Antarctica and 
Laurentia. I therefore discard a Cambrian break-up and drift of Laurentia from the 
EWM part of the palaeo-Pacific margin of Gondwana, as proposed by Dalziel (2014). 
 
The Cryogenian rift-related magmatism was followed by a second, Cambrian (ca. 520 
Ma) magmatic event, related to an extensional setting, which I interpret to result from 
the tectonic escape scenario after collision of the Australo-Antarctic with West 
Gondwana/Indo-Antarctic plates. 
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The O and Hf isotopic compositions of the EWM detrital zircons reveal insights into the 
provenance and palaeo-geography of this block, mostly indicating an East Antarctica 
provenance. However, other contemporary sedimentary sequences from former 
Gondwana potential sources have similar U-Pb and Hf zircon signatures, making it 
difficult to distinguish between the different sources of the same age. This study shows 
that O isotope data may allow for discrimination between different provenances, as in 
the case for Stenian detrital zircons. 
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8 Chapter VIII: Synthesis and interpretation 
Detailed conclusions are provided at the end of Chapters II–VII, summarising the key 
findings with respect to the zircon U-Pb, Hf and O isotopic compositions for the 
different study areas. In this synthesis I incorporate the results from the previous 
chapters into an overarching model for the tectonic evolution of the south margin of 
Gondwana during the Palaeozoic.  
 
8.1 The Rodinia-Gondwana transition in the Ellsworth-
Whitmore Mountains block (EWM) 
 
Break-up of the Rodinia supercontinent began after ca, 725 Ma creating the palaeo-
Pacific Ocean, which subsequently was never closed (Cawood, 2005). Although the 
precise geometry of this rifting remains controversial, Moores (1991), Dalziel (1991), 
and Hoffman (1991) suggested one of the more widely accepted hypothesis, which 
involves western Laurentia rifting from the Australia-Antarctica plate. This is known as 
the SWEAT hypothesis (Southwest U.S.-East Antarctica). In East Antarctica, volcanism 
at ca. 650–680 Ma is interpreted to record a rifting setting in the Transantarctic 
Mountains (Cooper et al., 2010; Goodge et al., 2002) and is believed to date the break-
up of Rodinia in this sector. The new finding in this study of ca. 680 Ma igneous rocks 
in the Ellsworth Mountains, together with those magmatic zircons recording positive 
initial εHf and mantle-like δ18O values provides evidence for a continuation of this rift-
related magmatism from East Antarctica into the Ellsworth Mountains. This establishes 
a connection between these two regions before the formation of Gondwana (Chapter 
VII), in contrast to the widely accepted scenario in which the EWM block is located 
closer to the southern African sector of West Gondwana (Curtis, 2001). The issue of 
time for rift-drift transition along the Transantarctic margin in relation to amalgamation 
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of East and West Gondwana at realistic plate movement is widely discussed by Dalziel 
(2013), who argued that rifting between 725 Ma and 660 Ma need not have required an 
extraordinary fast motion. 
 
The detrital U-Pb zircon data suggest that the location of the EWM within the rifted 
margin was probably near the Shackleton Range and the Pensacola Mountains, very 
close to the collisional zone that amalgamated East and West Gondwana (Chapter VI). 
The last stage of this collision is believed to be recorded in the Shackleton Range (Will 
et al., 2010; Will et al., 2009), at 530–490 Ma (Romer et al., 2009), and is 
contemporaneous with the second extension-related magmatic episode in the EWM 
(Chapter VI and Chapter VII). The absence of older zircons in the Heritage Group is 
difficult to reconcile with a Cambrian position so close to the Shackleton Range. 
However, the Pensacola Mountains, also located near the Shackleton Range, record the 
same detrital zircon age patterns supporting the argument regarding exposure and 
erosion in order to explain absence of some age components as discussed in Chapter VI. 
 
Almost contemporaneous with this collision, the Pensacola Mountains and the rest of 
the palaeo-Pacific margin of the Australo-Antarctic plate underwent deformation and 
were intruded by subduction-related magmatism during the development of the 
Ross/Delamerian Orogen (Curtis et al., 2004; Goodge et al., 2012). I suggest that the 
reason for the different tectonic style in the EWM during the Cambrian and extensional 
magmatism is a likely consequence of the nearby collisional area. Jacobs and Thomas 
(2004) suggested that orogenic collapse and lateral escape of microplates, including the 
EWM, occurred during the final collision and amalgamation of Gondwana. In this 
scenario, large strike-slip faults caused by the final continent-continent collision could 
have resulted in extension due to the relative motion between different blocks. This 
proposition would imply that Laurentia was not attached at this part of the margin 
during the Cambrian, thereby enabling room for the escape. As discussed in Chapter IV, 
subduction-related magmatism in Tierra del Fuego commenced at ca. 540 Ma and if a 
continental arc was founded in this rifted margin, it would imply that rifting occurred in 
the Neoproterozoic. Therefore, Laurentia should have rifted/drifted earlier, not in the 
Cambrian as suggested by Dalziel (2014).  
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8.2 Tierra del Fuego Island during the early Palaeozoic 
 
The tectonic escape scenario also implies that other tectonic blocks might have escaped 
from the nearby collisional area. This could be the case for Patagonia (or parts of 
Patagonia). Lu-Hf isotopes in Permian metamorphic zircon overgrowths from Tierra del 
Fuego suggest that the hydrous fluids interacted with ca. 1000 Ma rocks before 
transport and crystallisation. This suggests the presence of a late Mesoproterozoic crust 
in the area (Chapter VI), similar to the Namaqua-Natal belt in South Africa and the 
Malvinas/Falkland Islands, and linkes to the formation of the Rodinia supercontinent. 
Based on Re-Os isotopes in mantle xenoliths, Schilling et al. (2017) suggested that 
southern Patagonia and the Malvinas/Falkland Islands constitute a single continental 
terrane linked to the Namaqua-Natal Province. Re-Os isotopes in mantle xenoliths from 
Pali Aike in southern Patagonia also indicate complex Mesoproterozoic to early 
Palaeozoic and Paleoproterozoic formation ages, which suggest a lithospheric 
connection to the Shackleton Range (Mundl et al., 2015). Moreover, Cambrian rift-
related magmatism in the Sierra de la Ventana of Argentina and in southernmost Africa 
(Rapela et al., 2003), similar to that which occurred in the EWM, indicate that a terrane 
was rifted from this part of Gondwana. 
 
I suggest that the terrane that rifted from this area of West Gondwana during the early 
Palaeozoic was Patagonia (Chapter III and Chapter IV). This is more likely than a 
connection of Patagonia with East Antarctica during the early Palaeozoic (Ramos and 
Naipauer, 2014), since it does not require the closure of a major ocean necessary for the 
translation of Patagonia. Furthermore, Cambrian magmatism in Tierra del Fuego, 
similar to the Pampean Orogen (Chapter IV), decreased when rift-related magmatism 
commenced. This situation is completely different from the setting for the Ross Orogen 
magmatism, which lasted longer, until ca. 480 Ma Ma (Goodge et al., 2012). In this 
scenario, as discussed in Chapter III, northern Patagonia could have rifted partially 
from the Sierra de la Ventana sector of west Gondwana during the Cambrian (Rapela et 
al., 2003).  
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8.3 The southern margin of Gondwana during the Permian 
 
8.3.1 The North and South Patagonia connections 
 
The abundant Permian igneous detrital zircons and isolated Permian magmatic rocks in 
Patagonia provide a key isotopic record presented in Chapter II. This record has been 
used to characterise and constrain the tectonic processes of the region. The origin of this 
Permian magmatism is actively debated, in particular that for the North Patagonian 
Massif (NPM), which is an excellent area to test the different hypotheses with regard to 
the origin of Patagonia (Pankhurst et al., 2006; Pankhurst et al., 2014; Ramos, 2008; 
Ramos and Naipauer, 2014; Rapalini et al., 2010). Granitic rocks in the northern NPM 
define εHft-δ18O trends that are consistent with the pattern of deformational events, with 
mantle-like δ18O magmatic inputs during ca. 280 Ma and 255 Ma, whilst reworking of 
upper crustal materials occurred in the time frame between these two juvenile input 
events (Chapter III). In the western NPM, early Permian granitic rocks have zircons that 
suggest a continuation of the Permian subduction-related magmatic belt from the 
western margin of South America (Chapter III). All these results, together with other 
geological considerations, are in line with an autochthonous or parautochthonous origin 
for the NPM. 
 
New U-Pb zircon ages of ca. 255 Ma for igneous rocks from the basement of Tierra del 
Fuego Island record the first evidence for a southerly prolongation of Permian 
magmatism from the NPM into southern Patagonia (Chapter III). These magmatic rocks 
have zircons with the same isotopic fingerprints as those for the Permian–Triassic 
granitoids from Graham Land in the Antarctic Peninsula (Chapter V). This strongly 
supports the connection of both areas during the late Palaeozoic, as previously 
suggested by the detrital Permian components in late Palaeozoic–early Mesozoic 
accretionary complexes in southern Patagonia and northern Antarctic Peninsula 
(Chapter II). Detrital Permian zircons in late Palaeozoic–early Mesozoic accretionary 
complexes also suggest a continuation of a slightly older Permian subduction-related 
magmatic arc, partly located in Patagonia and extending to the Antarctic Peninsula 
(Chapter II). These detrital zircons show a southerly decrease in δ18O coupled with 
increasing εHft, which indicates that there are fewer sedimentary components in the 
magma source(s) to the south (Chapter II). Permian igneous rocks of the Central 
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Domain in the Antarctic Peninsula, perhaps together with Permian magmatic rocks from 
Marie Byrd Land, may be the source of the mantle-like detrital zircons in the southern 
locations of the accretionary complexes in the Antarctic Peninsula (Chapter V). 
 
 
8.3.2 Collision of Patagonia and deformation of the Gondwanide fold 
belt. 
 
The Sierra de la Ventana in Argentina, the Cape Fold belt in South Africa, the 
Falkland/Malvinas Islands and the Ellsworth Mountains are parts of the late Palaeozoic–
early Mesozoic Gondwanide fold belt, first recognised by Du Toit (1937). Deformation 
of the Cape Fold belt is constrained by 40Ar/39Ar ages, which record two age clusters at 
ca. 275–260 Ma and ca. 255–245 Ma (Hansma et al., 2016). This is similar to the age of 
magmatism and metamorphism in Tierra del Fuego and the Antarctic Peninsula 
(Chapter III, Chapter IV, and Chapter V; Hervé et al., 2010a; Riley et al., 2012). In the 
Sierra de la Ventana, deformation is constrained by 40Ar/39Ar ages from biotite, 
muscovite, and sericite and U-Pb zircon ages of syn-orogenic tuff deposits at ca. 280 
Ma and 265–260 Ma (López-Gamundí et al., 2013; Tohver et al., 2008). Further, 
contemporaneous with deformation events, there was a major abrupt change in detrital 
zircon age components and tuffaceous rocks during the Permian. However, no late 
Palaeozoic magmatic event has been identified in southern Africa, the 
Falkland/Malvinas Islands or the Ellsworth Mountains. In the Ellsworth Mountains, 
volcanic tuffs in the Permian Polarstar Formation indicate ca. 275–250 Ma volcanic 
sources (Elliot et al., 2016), as do similar volcanic tuffs in the Permian–Triassic Karoo 
Basin in South Africa; in the latter case also including some early Permian components 
(Fildani et al., 2009; Lanci et al., 2013; McKay et al., 2015). 
 
I suggest that a Permian collision between Patagonia, connected with the Antarctic 
Peninsula, was responsible for the deformation of the Gondwanide fold belt (Chapter 
III). This scenario implies that an ocean floor was consumed between Patagonia–
Antarctica and the South Africa–Ellsworth sector. The lack of Late Palaeozoic 
magmatic events in southern Africa, the Falkland/Malvinas Islands or the Ellsworth 
Mountains indicates that the subduction probably occurred beneath southern Patagonia. 
Recent models, based on seismic data, field mapping and U-Pb zircon geochronology in 
eastern Cape fold belt, link deformation in the area to a south-dipping plate subduction 
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(present coordinates) during the Gondwanide Orogen (Miller et al., 2016b). This 
subduction was probably only active during the Permian and was, in part, synchronous 
with subduction in the palaeo-Pacific margin. The latter subduction is suggested by a 
continuation of the subduction-related magmatic belt from the western margin of South 
America into the NPM (the western belt, Chapter III) together with Permian igneous 
detrital zircons in metasedimentary complexes, deposited along the active palaeo-
Pacific margin in the Late Palaeozoic-Early Mesozoic (Chapter II). 
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